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Abstract 

 Due to more stringent emissions and fuel economy standards, many automotive manufacturers 

are implementing more electric and hybrid vehicles into their model fleets. Hybrid and purely electric 

powertrains offer more sustainable transportation methods; however, larger sport utility vehicles and 

trucks occupy a significant majority of the vehicles on the road in the United States. To this end, this 

work covers the development of a second generation electric sport utility vehicle at the University of 

Kansas. 

Chapter 2 of this thesis outlines the use of CAN bus in the automotive industry throughout the 

evolution of the Electronic Control Module. Chapter 2 also showcases the different types of control 

modules installed in vehicles. CAN bus theory of operation, message formats, error handling, wiring 

techniques, and additional vehicle networking methods are also discussed. Lastly, electric vehicle case 

studies at the University of Kansas are presented to illustrate the importance and benefits of implementing 

CAN bus. 

Chapter 3 focuses on the development of the JimmE-V. The JimmE-V serves as a research 

vehicle that has features similar to EVs available to consumers. In order for the vehicle to generate 

research quality data, vehicle operation and systems integration are discussed. CAN bus communication 

allows components to be controlled, calibrated, and monitored in real-time allowing the JimmE-V to be 

adjusted for a variety of research studies. Safety information is also provided due to the high voltage 

potential when working with EVs. The different causes for vehicle failure are additionally included in this 

chapter. 

Chapter 4 examines the complete energy and emissions produced by the JimmE-V. This chapter 

highlights the energy used in the vehicle manufacturing process in addition to examining the benefit of 

reusing vehicle components. Furthermore, a Life-Cycle Analysis (LCA) was generated using Argonne 

National Laboratoryôs Greenhouse Gasses, Regulated Emissions, and Energy Use in Transportation 

(GREET) model. The LCA provides estimations for the JimmE-Vôs energy use and emissions produced 

throughout the vehicleôs lifetime use. Accompanying this information is information regarding the 
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production and recycling of LiFePO4 batteries. This workôs LCA efforts for the JimmE-V are compared 

to the previous LCA efforts for the VW Beetle. Drive cycle data was collected to examine the efficiency 

of the JimmE-V, and to compare the results to the VW Beetle. Lastly, the solar generation capabilities of 

the newly built (2013) Hill Engineering Research and Development Center are presented. 

Lastly, Chapter 5 focuses on the conclusions of the JimmE-V project mainly highlighting the 

authorôs main contributions to EV projects at the University of Kansas. The authorôs main contributions 

were centered on the powertrain of the JimmE-V including the motor, controller, ECM, and battery pack.  

This chapter additionally focuses on the vehicleôs future impact as a research platform. 
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1.1 Introduction  

The Environmental Protection Agency (EPA) was established in 1970 with the objective to protect 

human health and the environment [1]. Consequently the EPA is largely involved in the regulation of 

vehicle exhaust emissions. While currently under the EPAôs Tier 2 emissions standards, their Tire 3 

standards take hold in 2017 [2]. As these regulations continue becoming more stringent, automotive 

manufactures will need to further develop internal combustion (IC) engine technology and implement 

hybrid and electric powertrains into more production vehicles. To this end, Ford predicts that 1%-2% of 

vehicle sales will be purely electric, while 10%-25% of sales will be vehicles with hybrid powertrains [3]. 

Currently, trucks and sport utility vehicles (SUVs) hold the majority production share in the United States 

(Figure 1). 

 

Figure 1: Automotive industry vehicle production share [4]. 

 Hybrid vehicles offer a viable solution to the EPAôs regulations by offering a more efficient and 

environmentally friendly option as opposed to a purely combustion powered vehicle. Since hybrid 

vehicles require battery packs, the incurred costs can be more than a traditional combustion vehicle. 

However, over the vehicleôs lifetime these higher initial costs can be recouped through the higher fuel 

economy offered by hybrid powertrains. Hybrid powertrains also alleviate consumer range anxiety since 
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they can use the combustion engine and not rely on pure electric power from a battery pack. Furthermore, 

hybrid vehicles do not require as large of a battery pack compared to pure EVs [4]. 

 Despite the larger battery pack EVs offer additional benefits not offered by hybrid vehicles. EVs 

offer a simple drivetrain system that is more efficient and requires less maintenance. EV drivetrains 

consist of an electric motor powered directly from an energy storage source (ESS). Currently, the 

majority of ESSs in EVs are lithium-ion battery packs. Additionally, since EVs do not contain a 

combustion engine components, they further reduce the oil dependence in the transportation industry. 

From an efficiency standpoint EVs are sensible because they convert more power to actual work 

compared to IC engine powered vehicles. Through their simpler drivetrains EVs transfer around 75% of 

power compared to an IC engineôs 30-40% [4]. From the EPAôs emissions regulations EVs are beneficial 

because they produce zero tailpipe emissions. However, the main consumer concern when it comes to 

purchasing an EV is their range limitations. Companies such as Tesla Motors offer strategically placed 

charging stations to alleviate consumer range anxiety, and additionally provide owners the opportunity to 

charge their Tesla vehicles for free within Teslaôs charging network (Figure 2). 

 

Figure 2: Tesla charging stations in the United States [5]. 
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1.2 Past Efforts in Electrified Vehicles at the University of Kansas 

Mechanical Engineering Associate Professor Dr. Christopher Depcik established the University 

of Kansas (KU) EcoHawks in 2008 with the goal to provide engineering students with sustainable design 

projects that focus on transportation and its associated energy infrastructure. These projects focus on the 

following five metrics: Education, Energy, Environment, Economics, and Ethics. Since the EcoHawks 

establishment in 2008, a variety of sustainable projects have been completed. Of note, two of the major 

EcoHawks projects have involved converting internal combustion (IC) engine vehicles into full-scale 

EVs. 

The first of the two unique vehicles was a 1974 Volkswagen (VW) Super Beetle that was 

converted into a plug-in hybrid electric vehicle (PHEV). This project began in 2008, and the vehicle has 

been operational and providing a medium for ongoing research since 2010. Students further increased the 

Beetleôs sustainability by including a biodiesel generator, and the fabrication of a solar photovoltaic 

charging station at a previous program facility. The VW Beetle has also served as a research platform for 

graduate work on developing electrified vehicle dynamics modeling techniques. To examine the overall 

sustainability of the conversion process additional graduate work was conducted on the Beetle to 

complete a Well-to-Wheels (WtW) analysis to examine the emissions and energy impact of the vehicle. 

This research then led to additional smart grid research focusing on smart grid technology, system sensing 

and control, and the implementation of vehicle to grid (V2G) architecture. 

 The second unique vehicle produced by the KU EcoHawks was a 1997 GMC Jimmy that was 

converted into a battery electric vehicle (BEV) also known as the JimmE-V. The JimmE-V project began 

in 2010, and was completed in 2013. The goal of the JimmE-V project was to take the knowledge gained 

from the Beetle project to fabricate a consumer representative BEV. Road legal since 2015, the JimmE-V 

features many amenities found on consumer vehicles including power steering, air conditioning, and 

heating. The JimmE-V additionally implements Controller Area Network (CAN) controlled components 

which is a standard technique in the automotive industry. Since its completion in 2013, the JimmE-V has 

served as a research vehicle focusing on the calibration of the CAN bus and three-phase alternating 
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current (AC) motor. While the Beetle utilizes a lead acid battery pack, the JimmE-V uses an advanced 

composition lithium iron phosphate (LiFePO4) battery pack that is monitored by a Battery Management 

System (BMS). Together both of these vehicles provide platforms for sustainable automotive research. 

 

1.3 Thesis Focus 

Chapter 2 of this thesis outlines the use of CAN bus in the automotive industry throughout the 

evolution of the Electronic Control Module. This provides context on the role that CAN plays for the 

controlling of alternative energy powertrain systems. Due to the increasing technology demand in 

consumer vehicles, Chapter 2 also showcases the different types of control modules installed in vehicles. 

In order to understand how CAN functions on the micro level, the theory of operation, message formats, 

and error handling are also discussed. In order to understand how these networks are setup in vehicles the 

wiring techniques are explained accompanied with additional vehicle networking methods. Lastly, to 

examine how CAN has been implemented by the KU EcoHawks different vehicle case studies are 

presented to illustrate the importance and benefits of implementing CAN bus technology in electric 

vehicle (EV) applications. 

Chapter 3 focuses on the development of the second generation EV, the JimmE-V. The JimmE-V 

serves as a research vehicle that has features similar to EVs available to consumers. In order for the 

vehicle to generate research quality data, it is important to understand how the vehicle operates and how 

the different systems are integrated into the JimmE-V. Through the vehicleôs CAN bus components can 

be controlled, calibrated, and monitored in real-time. As a result, the JimmE-V can be adjusted for a 

variety of studies. Safety information is also provided due to the high voltage potential when working 

with EVs. 

Chapter 4 examines the complete energy and emissions produced by the JimmE-V. This chapter 

highlights the energy used in the vehicle manufacturing process in addition to examining the benefit of 

reusing vehicle components. Furthermore, a Life-Cycle Analysis (LCA) was generated using Argonne 

National Laboratoryôs Greenhouse Gasses, Regulated Emissions, ,and Energy Use in Transportation 
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(GREET) model. The LCA provides estimations for the JimmE-Vôs energy use and emissions produced 

throughout the vehicleôs lifetime use. Accompanying this information is information regarding the 

production and recycling of LiFePO4 batteries. Additionally, the LCA efforts for the JimmE-V are 

compared to the previous LCA efforts for the VW Beetle. While the GREET model was used to calculate 

the vehicle LCA, vehicle efficiencies were obtained through drive cycle testing. Drive cycle data was 

logged through the vehicleôs CAN bus to provide route statics that were then compared to the Beetleôs 

statistics generated by an identical drive cycle route. Lastly, this chapter examines the solar generation 

capabilities of the newly built (2013) Hill Engineering Research and Development Center. 

Finally, Chapter 5é. 
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Chapter 2: Vehicle Communication Networks Focusing on the Development of a Controller Area 

Network for a Full -Scale Electric Vehicle Conversion. 

2.1 Abstract 

In-vehicle networking has rapidly evolved since the introduction of the Controller Area Network 

(CAN). CAN plays a crucial role in vehicle safety and operation. As the automotive market begins to 

further explore electric and hybrid vehicles, a CAN will provide reliable control for these alternative 

energy powertrain systems. To this end, this chapter introduces CAN systems. It is meant to provide an 

outline of the development and history of CAN, and its use in Electronic Control Units (ECUs). Due to 

the large number of ECUs in use by automotive manufacturers, different types of ECUs will be examined. 

Moreover, in order to understand how CAN functions on the micro level, the theory of operation, 

message formats, and error handling will also be discussed. Additionally, the wiring and initial network 

setup will be discussed before examining other vehicle networking techniques that have arisen due to the 

increased demand for more technology on-board vehicles. To accompany the discussions on the 

background and theory of CAN buses, the use of CAN bus with on-board vehicle diagnostics is examined 

to illustrate the important role vehicle networking has played in the automotive industry. Lastly, case 

studies involving the authorôs work with the University of Kansas EcoHawks Electric Vehicle (EV) 

projects will be examined to illustrate the importance and benefits of utilizing CAN bus technology in EV 

applications. 
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2.2 Introduction  

Vehicles in use during the early 21st century are composed of networks of complex control 

modules as consumer demand for technology in vehicles continues to increase. From safety features, 

including air bags and anti-lock brakes, to engine and transmission control units, these elements are 

designed to communicate seamlessly with other control modules and components throughout the vehicle. 

Some of the key control modules found in vehicles include the Airbag Control Unit (ACU), Body Control 

Unit (BCU), Engine Control Module (ECM), Powertrain Control Module (PCM), Transmission Control 

Unit (TCU), Brake Control Module (BCM), and in hybrid and electric vehicles, the Battery Management 

System (BMS) [6]. In order for a vehicle to operate efficiently and safely, all of these modules demand 

reliable, repeatable, and high-speed communication. This is achieved through a Controller Area Network 

(CAN) bus. 

CAN is a serial communications protocol originally conceived by Robert Bosch. The 

International Organization for Standardization (ISO) published the first CAN specifications in 1986, with 

development beginning in 1983 [7]. Bosch published the current CAN specification, CAN 2.0, in 1991 

[8]. CAN 2.0 provides efficient and reliable serial communication that allows electronic control modules 

to communicate at speeds up to one Mbit/second while minimizing vehicle cost and weight by reducing 

the amount of wiring needed [8]. Utilizing a CAN bus reduces wiring because there are only three lines 

needed for the entire vehicle network: CAN high, CAN low, and ground. The CAN high line typically 

exhibits data transfer rates up to one Mbit/second, and is reserved for priority commands, such as throttle 

position, motor condition, motor speed, and other commands that are vital for the vehicle to operate safely 

[9]. The CAN low line normally has data transfer rates up to 125 Kbit/second and is used for less vital 

commands that govern interior lights, stereo commands, and other interior functions [9]. The main 

advantage for using a CAN bus is that multiple CAN controllers can be linked together so that devices 

may communicate with each other. This multi-device communication allows the logging of information, 

such as vehicle statistics, service reports, and time per job. CAN also significantly reduces the number of 

mechanical components and, as a result, largely minimizes failures. Another advantage with CAN is that 



8 

 

it offers high reliability with no need for special technology, while performing consistent precise work. In 

order to understand how CAN interacts with the function of electronic control modules, the basic 

construction of this piece of equipment is discussed next. 

2.2.1 Electronic Control Unit Construction  

National Instruments (NI) defines an electronic control unit (ECU) as an embedded electronic 

device that reads incoming signals coming from sensors located in various parts and components of the 

car, and depending on the control unitôs function, the read information can control various outputs [6]. 

ECU hardware consists of the physical electronic components soldered to a circuit board. The internal 

components along with the input and output terminals for the microprocessor is displayed in Figure 3. 

The primary hardware element for any ECU is the microcontroller chip with Electronically Erasable 

Programmable Read Only Memory (EEPROM). EEPROM is also referred to as Flash memory, or non-

volatile storage. The software component in an ECU is the installed code that runs in the microcontroller. 

Internally, the majority of ECUs are similar; however, when applied to different areas in a vehicle, 

software differences arise. The next section examines the most common ECUs and their primary 

functions. 

 

Figure 3: Image showing the electrical components assembled to construct an ECU [10].  

2.2.2 Electronic Control Unit Applications  

  Despite having similar hardware, there are a variety of ECUs in use within the automobile 

industry. Common control modules can be differentiated by their name and function. In order to 

understand which ECU is responsible for vehicle operations, their different functions will be examined in 
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this section. Internal combustion engine vehicles use the Engine Control Module (ECM) to control engine 

functions, such as monitoring and controlling fuel injection, ignition timing (spark ignition engines), and 

idle speed. These parameters are regulated by monitoring variables like coolant temperature, air flow, 

throttle position, crank shaft position, cam shaft position, and other data measured by various sensors. 

Another widely used control module is the Powertrain Control Module. The PCM and ECM share similar 

responsibilities with the objective being to transfer the generated engine power to the wheels. The PCM 

communicates with the ECM to examine throttle position, crankshaft speed, and output speed of the drive 

shaft. Additionally, this control module receives data from speed sensors, the brake light switch, and 

cruise control. By monitoring all the mentioned variables, the PCM governs the torque converter clutch, 

transmission shifting, and provides feedback to the driver [6]. Together these are the main control 

modules governing the vehicle powertrain. Vehicle safety and comfort are governed by a different set of 

control modules. 

 Vehicle safety is one of the different functions of the Vehicle Control Module. In addition to 

vehicle safety, the VCM monitors electric power steering, cruise control, airbag control, and electronic 

stability control systems [6]. The Body Control Module is another module added to vehicles for 

controlling windshield wipers, window defrosters, power windows, power door locks, convertible tops, 

electronic seats, seat heaters, and other amenities found in vehicles. The Braking System Control Module 

(BSCM), also referred to as the Anti-lock Brake System (ABS) module, primarily reads speed sensors on 

the wheels and the brake switch to determine if the system needs to be activated. All together, the 

previously discussed control modules communicate with each other and with sensors installed throughout 

the vehicle. Many of these control modules transfer over to alternative powertrain vehicles, such as 

parallel or series hybrid vehicles, or electric vehicles.  

 While vehicle electrification may remove control modules related to engine control, they require 

an additional set of control modules responsible for supervising vehicle charging and discharging, and 

regulating motor power. The Battery Management System (BMS) examines battery cell voltage, total 

pack voltage, battery pack current, and battery temperature. The BMS communicates this information to 
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external devices, such as loads, sources, and battery chargers. Figure 4 provides a system overview 

diagram for an Orion BMS and the connections needed so the BMS can interact with the battery pack, 

charger, load, and source. This information helps to protect, manage, monitor, and maintain the battery 

pack [11].  

 

Figure 4: Orion BMS system overview showing the different components that communicate with 

the BMS [11]. 

 In addition to a BMS, electric and hybrid vehicles require a motor controller to govern the power 

output from the electric motor. Motor controllers are paired with their own ECU that monitors the 

accelerator pedal position and sends commands to the motor controller. In conjunction with the BMS, 

these components regulate the power from the battery pack and safely apply this energy to the wheels of 

the vehicle, as discussed in detail later in this document. Regardless of the vehicle powertrain (internal 

combustion engine, hybrid, or full electric), vehicle control module communication remains constant 

during its operation. The vehicle CAN bus is the link that integrates all of the vehicle systems together. 

Along with learning how vehicle components interact on a CAN bus, additional understanding is needed 

to gain perspective on how messages are generated, transmitted, and received on the bus. 
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2.2.3 CAN Bus Theory of Operation 

In order to understand how components function on a CAN bus, the theory of CAN operation 

must be examined. The programming aspect of CAN is beyond this scope of work; however, a basic 

summary of key aspects of CAN are presented in this section to broaden the comprehension of how 

vehicle control modules operate on a CAN bus. 

The CAN ISO standard contains seven layers, but the CAN protocol is only contained in layers 

one and two. The remaining layers in the CAN protocol are left to the development of the component 

software engineers for the particular product [12]. Since the bottom two layers are the primary CAN 

layers, the remaining top five layers will not be discussed. 

Layer one is referred to as the Physical Layer. Within the Physical Layer, there are three 

additional embedded layers: Physical Signaling (PLS), Physical Medium Attachment (PMA), and 

Medium-Dependent Interface (MDI). The Physical Layer determines the specific process in which the 

signal is transmitted. This layer is directly responsible for transferring bits between nodes. Since this layer 

transmits bits throughout the entire network, the Physical Layer must be the same for each node in a given 

network. Bit representation (coding, timing, etc.), bit synchronization, electrical signal definitions, and 

transmission medium definitions are all responsibilities carried out by the Physical Layer [7]. 

The second layer in the CAN ISO standard is the Data Link Layer. Similar to layer one, the Data 

Link Layer contains additional embedded layers. In specific, the Medium Access Control sublayer 

(MAC) is the core of CAN protocol. It presents messages received from the Logical Link Control (LLC) 

sublayer. The MAC sublayer is additionally responsible for message framing, arbitration, 

acknowledgement, error detection, and signaling. The LLC sublayer filters messages, provides network 

overload notifications, and contains the error recovery procedure [7]. Figure 5 shows the network 

architecture for layers one and two of the CAN protocol along with the additional sublayers that are 

embedded within the main layers. Within these layers associated with the CAN protocol, there are 

additional protocol fundamentals of these complex systems. 



12 

 

 

Figure 5: CAN Layer Architecture for the first two layers [8]. 

 The CAN protocol is a message based protocol, not an address based protocol. An example of an 

address based protocol would be the internet. Whereas, CAN is a message based protocol that sends 

messages between networked components. Thus, messages are not transmitted node to node by address. 

Instead, each CAN message is embedded with the priority and the contents of the transmitted data. All 

network nodes receive the same transmitted message and acknowledge if the message was properly heard. 

Once a message has been received, it is each nodeôs responsibility to determine if the message needs to be 

kept and processed. Messages that do not need to be processed are discarded. Since every node receives 

the same message, this allows multiple components at different nodes to employ the same message [12].  

The CAN protocol is a Carrier Sense Multiple Access (CSMA)/Collision Detection (CD) 

protocol. CSMA indicates that each node monitors the network for a period of inactivity before the node 

can send a message. During the period of inactivity, every node has an equal chance to transmit a 

message. The CD part of the protocol prevents two nodes from transmitting a message on the bus 

simultaneously [7]. Network nodes can request additional information from other nodes. This process is 

called a Remote Transmit Request (RTR). Since components communicating on a CAN bus utilize the 
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same standardized protocol, additional nodes can be added to the system without the need to reprogram 

the existing nodes in the system. This encourages flexibility, adaptability, and ready expansion of a CAN 

bus to account for new technologies to be implemented in a vehicle. 

With a basic understanding of how communication works on a CAN bus, further detail should be 

examined to grasp the CAN message format, and how the system processes errors. The following section 

goes further into the CAN protocol examining the different message frames and modes for reporting and 

processing errors. 

 

2.2.3.2 CAN Message Frame and Error Reporting 

The CAN protocol defines four different types of messages, also called Frames. The first and 

most common is the Data Frame. Data Frames are used when a node transmits information to any or all 

other system nodes. Additionally, Data Frames contain Arbitration Fields, Control Fields, Data Fields, 

CRC Fields, a two-bit Acknowledge Field, and an End of Frame. The Arbitration Field is used to 

determine message priority. In the CAN protocol, a logical 0 represents the dominant state. The lower the 

number in the Arbitration Field, the higher the priority the message has on the bus. The arbitration field 

can have a Standard or Extended Frame. Standard Frame messages consist of 11-bit identifiers; whereas, 

Extended Frames use 29-bit identifiers. The Acknowledge Field indicates if the message was received 

correctly by putting a dominant bit on the bus in the ACK position [12]. 

The second type of message is the Remote Frame. The Remote Frame is essentially a Data Frame 

with the RTR bit set to signify if it is a Remote Transmit Request. A node uses an RTR bit when the 

sending node requires additional information from other nodes on the bus. There is a bit in the arbitration 

field that is used to determine if the message is a Remote Frame or a Data Frame. A recessive bit 

indicates a Remote Frame, and a dominate bit indicates a Data Frame message [12]. 

The remaining two Frames are for handling errors. The first error handling Frame is the Error 

Frame, and the second is the Overload Frame. Nodes that detect any protocol errors as defined by the 

CAN generated error messages. Overload errors are generated when a node requires more time to process 
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previously received messages. A node sending an Overload Frame is not ready to receive additional 

messages at that moment in time [12]. 

Another vital part of communication through CAN is the ability to indicate when a particular 

device is registering an error. There are five portions to error checking in CAN: bit monitoring, bit 

stuffing, frame check, acknowledgment (ACK) check, and cyclic redundancy checksum (CRC). Each 

device performs bit monitoring and it is simply comparing the transmitted signal to the bus level. When a 

bit does not match up it will register a Bit Error. The bit monitoring only begins after arbitration. Bit 

Stuffing Error occurs when a node transmits five identical bits in succession; it will always follow with 

the opposite bit. The following bit is ignored by the receivers and is used for error checking. The frame 

check is the concept of each node verifying that the message has the correct amount of bits per section, 

and if a frame is incorrectly formatted, a Form Error is generated. With an error detected, it triggers an 

immediate, automatic retransmission of the original incorrect message after a predefined time interval. 

The ACK frame is when all receivers acknowledge that they are on the network and send a dominant (0) 

level while the transmitting node sends a recessive (1). If the transmitter does not detect the dominant 

level, the ACK check mechanism signals an Acknowledge Error. Each receiver calculates a checksum of 

the message and compares it to the CRC field of the transmission. If the CRC values do not match, a CRC 

error is generated since at least one node did not receive the message. Similar to a Form Error, when a 

CRC error occurs the original message is resent after a defined time interval [12].  

When an error frame is generated by any of the previously discussed methods, that error becomes 

visible to all other nodes on the bus through Error Frames or Error Flags. The error producing message is 

often aborted and then resent when the message has priority on the bus. During this time, each node is in 

one of three error states: Error-Active, Error-Passive, or Bus-Off. When a node is in an Error-Active 

status, the node can be active in bus communication, and is the normal operation mode. A node will 

remain Error-Active while the Transmit Error Counter and the Receive Error Counter remain below a 

value of 128. As long as the node remains in the Error-Active mode, it can transmit Active Error Flags. A 

node becomes Error-Passive when the Transmit Error Counter or Receive Error Counter equals or 
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exceeds 128. In Error-Passive mode, nodes are not allowed to transmit Active Error Flags, but instead 

transmit Passive-Error Flags. Passive-Error Flags have no effect on the bus since the error flag is 

recessive. When an Error-Passive node transmits a Passive-Error Flag and detects a dominant bit, the 

sending node is required to see the bus as inactive for eight additional bit times. Once the node recognizes 

the bus as available, message transmission is reattempted. The final node error state is the Bus-Off mode. 

This mode is enabled when the Transmit Error Counter exceeds 255. In this condition, Receive Errors 

Counters do not cause the node to go into Bus-Off mode. The Bus-Off mode prohibits a node from 

sending or receiving messages of any kind. This feature allows the CAN bus to go into Fault 

Confinement. From this point, there is a bus recovery sequence defined by the CAN protocol that allows a 

Bus-Off node to recover and then return to an Error-Active state. Once the node has successfully 

recovered, message transmission resumes [12]. The nature of the response allows CAN to have a short 

error recovery time, as well as high data integrity. The system as a whole is required to work with the 

automated error handling and needs monitoring to ensure the two are working together. In order to ensure 

that a CAN network is functioning properly, the bus has to be properly wired and set up. The next section 

further examines how to properly wire and setup a CAN bus. 

 

2.2.4 CAN Bus Wiring and Setup 

With a basic understanding of the theory behind CAN bus operation, the next step is to construct 

the communication network. An improperly assembled network may appear to function, but will not work 

reliably. CAN buses are differential mode buses that use two wires twisted together, referred to as a 

twisted pair wire, to communicate. In addition to the twisted pair wire, shielding is commonly used to 

protect the system against electrical noise. It is important that bus shielding is connected to a common 

ground in one location to prevent ground loops. Additionally, differences in ground potentials can damage 

CAN transceivers and other devices on the network. In some cases where the same ground connection 

cannot be made, an external CAN isolation device needs to be utilized. Depending on the application, 

specific shield grounding instructions may vary in order to divert noise properly. At connection points, 
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the wires are not covered in shielding, and exposed distances should be kept as short as possible [11]. 

When wiring a CAN bus, the network also needs to be terminated correctly. 

To terminate a CAN bus, two 120 Ohm (ɋ) resistors are needed on either end of the physical bus. 

As previously mentioned, CAN buses can be composed of multiple components. These components are 

connected to the network at nodes in-between the bus termination points. There can be several nodes on a 

network, but if there are only two nodes, the nodes should be at the ends of the bus as close to the 

termination resistor as possible. Figure 6 shows the correct wiring for a two node CAN bus. 

 

Figure 6: Diagram of a two node CAN bus with either node close to the termination point [11]. 

When designing a network with more than two nodes they should ñTò off the main network wires 

in-between the two termination points. A multi-node diagram is shown in Figure 7. Due to the popularity 

and reliability of CAN, termination resistors are often incorporated into components. Depending on the 

component location on the bus, the built in termination resistor can be bypassed. The physical network 

length can vary based on the desired baud rate. 

 

Figure 7: Diagram of a nodal CAN bus of length n [11]. 

The network baud rate refers to the data transmission rate speed in bits per second. For speeds of 

1 Mbit/second, the bus should be approximately 30 meters in length. Lengths around 100 meters support 

data transmission of 500 kbit/second, and a 500-meter long bus can accommodate slower baud rates of 

125 kbit/second [11]. Once the CAN bus has been properly terminated and all the controllers are 
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connected to the network, proper network termination can be verified by using an ohmmeter to check the 

resistance value between the CAN High and Can Low wires. This resistance value should be checked 

with all the devices on the network powered off. A properly terminated and setup network will read a 

total resistance of 60 Ohms reflecting that there are two 120 ɋ resistors in parallel. From this discussion, 

it is observed that the wiring of a CAN bus is relatively simple as opposed to how nodes communicate on 

the bus. Since the establishment of CAN, other vehicle networking techniques have been developed to 

accompany and further enhance the benefits of utilizing a CAN bus. The next section discusses two of the 

main vehicle networking techniques developed and implemented to work with CAN. 

 

2.2.5 Additional Vehicle Networking Techniques 

 As consumer demand for more vehicle amenities increase, the number of network components 

subsequently has grown. With more network traffic, less bandwidth is available for components that are 

crucial for vehicle operation. In order to increase network availability, other vehicle networking methods 

were developed. These techniques were not meant to replace CAN, but to compliment and work 

alongside CAN. Local Interconnect Network (LIN) and FlexRay are two specific networking strategies 

utilized in the automotive industry.  

Local Interconnect Network (LIN) was developed by Motorola to primarily support mechatronic 

control elements for motor vehicle applications. LIN uses slower data transmission speeds with a 

maximum transmission speed of 20 kbits/second.  It was designed to be simpler than CAN, and to provide 

a sub-bus for CAN to lower costs for controlling simpler automotive components. LIN can be used where 

the desired network bandwidth is lower, and the reliability and robustness offered with CAN are not 

required. Components found in automobiles that operate using LIN are all seat adjustments and functions, 

steering wheel mounted controls, doors, windows, side mirrors, wiper control, and interior lighting [7]. A 

simple multi-network vehicle schematic is shown in Figure 8. Along with having networks with slower 

transmission rates, other companies began seeing the need for vehicle networks with faster bandwidths 
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than CAN. As a result, the FlexRay protocol was designed to meet the growing demands of faster vehicle 

data transmission. 

 

Figure 8: Schematic showing how LIN is used to control secondary vehicle components that do not 

require the complexities of CAN [7]. 

A number of companies conducted meticulous testing on existing network protocols (i.e., CAN 

and others) to determine if they were able to meet all the technical requirements for intended applications 

[7]. It was concluded that CAN was not fast enough for newer applications and its operation is difficult to 

make transmissions deterministic and redundant. From their results, FlexRay was developed to work 

alongside CAN. The primary objective of FlexRay is to communicate with higher bit rates to enhance, 

complement, and supplement CAN limited applications. FlexRay is also designed to be capable of 

serving all future electronic functions in automobiles with bandwidths up to 10 Mbit/s [7]. Combined, all 

of these techniques reduce the amount of bus traffic while accommodating consumer demand for new 

vehicle technologies, such as on board vehicle diagnostics. The next section highlights this relatively new 

feature in automobiles, and how CAN contributed to its evolution. 
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2.3 On Board Diagnostics  

Automotive control methods prior to the 1980ôs were rudimentary. Manufacturers utilized 

mechanical and vacuum actuated controls. With the introduction of ECUôs in the early 1980ôs, vehicle 

diagnostics became complex with the need to comprehensively diagnose a system with hundreds of 

failures. Early ECUôs controlled engine, fuel, and emission control systems (i.e., coolant temperature, 

manifold pressure, crank position to control spark timing, fuel delivery, and sometimes Exhaust Gas 

Recirculation). These systems were simple at first with minimal use of sensors and electronically 

controlled components. However, issues with components would create relatively high vehicle emissions 

without adversely affecting vehicle performance or drivability. As a result, customers were failing vehicle 

inspections with what they perceived to be a well running vehicle. Technicians were then faced with the 

challenge to identify one or all faulty components in the system and often resulted in a high repair bill 

[13].  

Manufacturers began to address the added complexities by modifying their ECU to have some On 

Board Diagnostics (OBD). Diagnostic tests were initiated by grounding an ECU pin, and would provide 

the technician with flashes of lights to indicate a specific fault or code number (i.e., three flashes indicates 

a Code 3). This code was used to better pinpoint the vehicle issue by referencing a sensor or service 

procedure outlined in a service manual. However, the codes, tests, and procedures were not standardized 

among manufacturers. The California Air Resources Board (CARB) became aware of these rudimentary 

on-board diagnostics capabilities of ECUôs, and believed that ECUôs could help identify vehicles with 

emission-related faults, as well as aiding technicians in being able to repair the issues easily [13]. OBD-I 

was the first iteration of OBD technology and is discussed in the following section. 

 

2.3.2 OBD-I  

OBD-I was proposed and then adopted in April 1985 with the objective to improve emissions 

compliance by continuously monitoring the emission control system. In particular, the system would alert 

driver of the need for repairs. OBD-I systems were required to run on-board tests to identify component 
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malfunctions and have a Malfunction Indicator Light (MIL) on the dashboard to notify the driver of an 

emissions related problem. The MIL was an amber light with either ñCheck Engineò or ñService Engine 

Soonò that would illuminate when a component failed. The mentioned MIL phrases were chosen 

assuming that the driver would see them and take their car in for immediate service, resulting in lowering 

the drive time with malfunctioning emission components. OBD-I requirements were simple and applied 

to light-duty vehicles from 1988 through some 1996 models. Emission related inputs monitored the 

system for open and short circuits. The components involved in the system were the ECU, fuel metering, 

ignition, and Exhaust Gas Recirculation (EGR) if applicable. In addition to illuminating the dashboard, 

OBD-I ECUôs were required to store fault codes. Fault codes were identified by grounding an ECU pin 

wire and then counting the pulses from the MIL. Some vehicles incorporated a serial data communication 

link with the data and fault codes obtained from the ECU using a scan tool. OBD-I represented a step 

forward in diagnosing vehicle emissions issues using ECUôs; however, OBD-I was limited because it did 

not monitor all emission control system components. Additionally, the OBD-I regulations did not contain 

standardizations, and as a result, different connectors had to be used with scan tools to view fault codes on 

different manufacturerôs vehicles [13].   

 

2.3.3 OBD-II  

Hence, CARB proposed revisions to on-board vehicle diagnostics in 1988 with the goal to 

monitor all emissions related components. OBD-II was adopted by CARB after working with the 

Environmental Protection Agency (EPA) and the Society of Automotive Engineers (SAE) in 1992 and 

applied to all 1994 and subsequent model year vehicles. This included gasoline, diesel, and alternative 

fuel passenger cars, light duty trucks, and medium duty vehicles up to 14,000 pounds Gross Vehicle 

Weight (GVW). Due to the extensive vehicle changes required by OBD-II, CARB could waive the new 

requirements if a vehicle manufacturer could demonstrate that they could not modify a current electronic 

control system in time to meet the new requirements for the 1994 model year, or if the changes did not 

coincide with the planned vehicle changeovers. As a result, very few manufacturers introduced OBD-II 
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compliant vehicles in 1994 and 1995. The majority of manufactured vehicles did not become OBD-II 

compliant until the 1996 model year. OBD-II  regulations required that the following vehicle parameters 

be monitored: the catalyst system, engine misfire, evaporative emission controls, secondary air injection, 

fuel system, oxygen sensors, the EGR system, cold start emission reduction strategy, air conditioning 

system, variable valve timing system, direct ozone reduction system, and the diesel particulate trap. 

Additionally, OBD-II required the standardization of fault codes, scan tool test modes, and parametric 

data by all vehicle manufacturers [13].   

 

Figure 9: An example of an OBD-II scan tool with the standardized Data Link Connector [14]. 

This ensured that that fault-codes and data could be extracted using a generic aftermarket scan 

tool similar to Figure 9. The connector, called a Data Link Connector (DLC), was also standardized to 

omit the need for plug adapters between vehicle manufacturers [13].  

 

Figure 10: OBD-II pinout illustrating the different message lines [15]. 
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OBD-II systems were additionally required to provide access to the Engine Control Module. This 

allowed scan tool access to additional engine performance data to aid in diagnosing vehicle emissions 

issues. Lastly, OBD-II required that vehicles store fault codes, and that fault codes could only be reset by 

disconnecting the battery, or by using a scan tool. With the added requirements and complexities of OBD-

II, vehicle manufacturers, CARB, and the EPA needed a communication method that was standardized, 

fast, and reliable. Consequently, they all agreed on the Controller Area Network protocol.  

The use of CAN for OBD-II addressed issues associated with the use of different protocols, and 

that all vehicles produced during and after 2008 were required to use CAN as the only protocol [13]. 

Currently, vehicle manufacturers are exploring the use of wireless telematics to conduct vehicle 

prognostics and remote diagnostics. Vehicle prognostics allow engineers predict the time when a system 

or component will fail and notify the consumer appropriately. Electric Vehicle (EV) manufacturer Tesla 

Motors is one such company that is currently implementing both prognostics and remote diagnostics to 

further their product development. Thus, vehicle diagnostics has developed and evolved at a rapid rate, 

and is continuing to develop to meet the demands of a rapidly evolving industry.  

From the brief outline of OBD-II regulations, it is evident that OBD-II and the use of CAN have 

aided the transportation industry in automotive control standardization. By introducing students to the 

CAN protocol at the university level, students can begin to understand the complexities involved with 

vehicle control systems. Hence, the prior discussion of CAN and OBD-II was desired by the authorôs 

advisor in order to ensure proper context of the work contained within. The following sections outline 

specific case studies where CAN has been implemented in alternative energy vehicles at the University of 

Kansas by the author.  

 

2.4 University of Kansas EcoHawks Case Studies 

 The Electric Vehicle (EV) case studies involving the use of a CAN bus are examined in detail in 

the following sections; however, first some context for these projects must be given. Dr. Christopher  

Depcik established the University of Kansas (KU) EcoHawks in 2008 with the goal to provide 
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engineering seniors with sustainable design projects. These projects primarily focused on transportation 

and its associated energy infrastructure while considering the five vectors of success: Education, Energy, 

Environment, Economics, and Ethics.  

The first project involving the EcoHawks was a full-scale EV conversion of a 1974 Volkswagen 

(VW) Super Beetle. The intent of this project was to design and fabricate an electric vehicle using 

recycled parts and a simple vehicle architecture. The Beetle is equipped with a NetGain Warp 9, 120 

VDC Brushed Series Wound motor that is matted to the original VW five speed manual transmission. The 

motor is powered by a 14.19 kWh lead acid battery pack. The total pack voltage is 120 VDC, and the 

Amp hour (Ah) capacity is 115 Ah. From a controls standpoint, the Beetle is relatively simple. The motor 

is controlled using a NetGain Controls Classic DC Speed Controller. The controller receives driver input 

via a potentiometer accelerator pedal. The motor and controller in this application do not provide any 

regenerative braking energy to the battery pack due to complexity issues with DC motors and 

regenerative braking. Overall, the Beetle achieves 106.1 miles per gallon equivalent (mpge) [16]. Along 

with providing a project for engineering seniors, the Beetle has additionally been used by previous 

graduate students for developing vehicle and battery models, and examining the well-to-wheels energy 

use of EVs. The lessons learned from developing the VW Beetle, as seen in Figure 11, were then applied 

to develop a next generation EV for KU.   

 

Figure 11: KU EcoHawks 1974 VW Super Beetle 



24 

 

 The second generation EV produced by the KU EcoHawks was a 1997 GMC Jimmy (aka Chevy 

Blazer) referred to as the JimmE-V (Figure 12). The JimmE-V was the focus of the author and will be 

covered in detail throughout the remaining sections of this chapter. This section is provided to serve as an 

introduction to the project that started in 2010 and was completed in 2013. The JimmE-V uses an Azure 

Dynamics AC 55 three-phase Alternating Current (AC) motor, coupled to an Azure Dynamics DMOC 

445 motor controller and inverter. The DMOC 445 is CAN controlled and requires the use of an ECU to 

relay accelerator pedal input to the controller. The advanced composition battery pack consists of 104 

CALB Lithium Iron Phosphate (LiFePO4) batteries in series that provide 330 VDC to the controller. The 

battery pack has a capacity of 100 Ah. Each cell is 3.30 VDC and 100 Ah and is controlled by an Elithion 

Lithiumate Pro Battery Management System (BMS) to ensure that the batteries are properly charged, 

discharged, and maintained. The motor transfers power to the wheels of the vehicle by directly driving a 

drive-shaft through a differential to the rear wheels. In addition to a more advanced powertrain, the 

JimmE-V has additional amenities that make it comparable to a consumer available EV. The vehicle has 

electric air conditioning components, electric power steering, electric heating elements, two DC-DC 

converters to step down the high voltage source for automotive use (12 VDC), and solar panels on the 

roof to charge the 12 VDC batteries needed to run traditional automotive components. 

 

Figure 12: KU EcoHawks 1997 JimmE-V 

The author has worked with the JimmE-V as an undergraduate student from 2011 until 2012, and 

then as a graduate student from 2012 until 2015. During this time, the main concentration of the author 
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has been the powertrain system consisting of the motor, motor controller, the electronic control module, 

and the establishment of a vehicle CAN bus. This material is covered in detail later in this chapter. 

 Along with producing full-scale electric vehicles, the EcoHawks have also been involved in 

retrofitting existing EVs to improve their range and functionality. During the 2013-2014 academic year, a 

team of EcoHawks retrofitted a Global Electric Motorcar (GEM) with a swappable battery pack. The 

GEM can be seen in Figure 13.Figure 13: GEM Neighborhood EV. The original lead acid pack was 

removed and replaced with a detachable LiFePO4 battery pack composed of twenty-four batteries in series 

with a 40 Ah capacity.  

 

Figure 13: GEM Neighborhood EV. 

As with any advanced composition battery pack, a new battery management system and battery 

charger had to be installed to properly maintain and regulate its charging and discharging. The selected 

BMS was the Orion BMS produced by Ewert Energy Systems. The accompanying charger was an Elcon 

charger. The advantage of selecting these two compatible components was that they communicate via a 

CAN bus. Since these two components communicate in this manner, the resulting setup and programming 

was simplified. However, the original motor controller in the GEM was not CAN capable; hence, 

additional relays were installed to allow the BMS to control how power was used in the vehicle. The 

author became involved with the GEM project during the summer of 2014 to trouble-shoot and diagnose 

BMS issues, and extend the vehicle range. More information on the GEM project and the work conducted 

on this vehicle are discussed in further detail in the following section. 
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2.4.1 EcoHawks GEM Short-Range Electric Vehicle Swappable Battery Pack  

 As previously mentioned, the GEM is a short range EV that was retrofitted with an advanced 

composition swappable battery pack. The goal of the GEM is to collect and deliver recycling to the 

university collection facility. In addition, the GEM will also be used to transport university staff to a 

variety of campus locations as needed. The GEM is a low speed vehicle that is restricted to a maximum 

vehicle speed of 25 miles per hour (mph), and can only transport up to two passengers. The key feature of 

this vehicle is the swappable battery pack. Utilizing modeling, the undergraduate students involved with 

this effort predicted that the GEM would require 63.76 Ah of charge capacity to complete the vehicleôs 

pre-determined route while employing heavier lead-acid batteries (420 lbs). In order to minimize cost and 

vehicle weight, students selected 40 Ah LiFePO4 batteries at a weight of 74 lbs that can be discharged to a 

lower state of charge. The battery pack can easily be swapped with a fully charged battery pack if it is 

found that 40 Ah is not sufficient [17]. The team additionally designed the battery storage drawer to 

accommodate 70 Ah and 100 Ah batteries. During the upgrading process, the team had to install a BMS 

and a new battery charger to maintain the LiFePO4 batteries properly. Upon completion, the vehicle was 

struggling to achieve the desired range (student predicted at 15 miles) with the vehicle only able to travel 

four miles. Hence, the author was brought onto the project to troubleshoot and diagnose any issues with 

the BMS and CAN bus that could resolve the problem. The first step was to review and examine the 

powertrain layout. 

 The GEM powertrain is basic, consisting of a DC brushed motor that is transversely mounted to a 

transmission. The transmission provides a gear reduction to keep vehicle speed around 25 mph. There are 

three drive positions: drive high, drive low, and reverse. However, drive positions are electronically 

controlled through the motor controller, not through a traditional shift of transmission gears. The GEM is 

a Front Wheel Drive (FWD) vehicle with the battery containment drawer located forward and above the 

rear axle. Figure 14 shows an overall vehicle powertrain layout, and Figure 15 shows the motor layout. 

After examination of the vehicle powertrain it was determined that the motor likely need to be rebuilt. 

Klemp Electric Motor Company in Kansas City was selected to rebuild the motor. Klemp installed new 
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bearings and brushes in the motor, and the rebuild resulted in smoother motor operation. After examining 

the vehicle powertrain, the next step was to examine how the vehicle was controlling the power use 

through the BMS. 

 

Figure 14: GEM Powertrain Layout   

 

 

Figure 15: GEM Motor Layout [18]. 

 The GEM BMS and battery charger communicate over a CAN bus, and from previous sections it 

is known that CAN is a digital protocol. Consequently, the BMS is calibrated using a computer through a 
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Universal Series Bus (USB) port and a CANadapter (Figure 16). The initial inspection of the CAN bus 

wiring showed that the team had correctly wired the Orion BMS to the Elcon charger and had the network 

properly terminated as described in section 2.2.4. However, it was observed that the CAN bus modulates 

the current discharge to the motor from the batteries within the BMS calibration utility tool. Since the 

CAN bus on the GEM is a simple two-node network, this was identified as an issue because there were no 

other components on the network to control current discharge. The Elcon battery charger only controls the 

charging current limits, and cannot control battery pack discharging. A quick solution would be to put the 

motor controller on the CAN bus; however, the controller was not capable of communicating via CAN. 

As a result, discharge current would have to be controlled using other methods. 

 

Figure 16: CANadapter wiring diagram for the Orion BMS  [11]. 

 In order to verify that the current discharge limit was not being enforced, the vehicle was driven 

while examining a real time plot of current draw from the battery pack using the BMS utility. It was 

observed that under heavy acceleration, the motor would draw over 100 Amps from the battery pack, 

subsequently reducing the capacity of the batteries due to excessive C-ratings [19]. This number varied 

based on the amount the accelerator pedal was depressed. This introduced another issue because the 

motor was only rated to handle 56 Amps. In order to ensure that discharge current would be regulated 

properly, the BMS manual was reviewed to determine if there were any other means to regulate current 

without significant vehicle control system modifications. 

The goal of the Orion BMS system is to protect and monitor the battery pack through sensors. 

The BMS receives voltage information through cell voltage taps, a total voltage tap, a hall effect current 
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sensor, and thermostats to monitor cell temperature. The BMS uses pre-programmed settings to broadcast 

signals to control pack discharge current and pack charging current. Moreover, the BMS balances the 

cells using internal shunt resistors during the charging and resting processes. This ensures that all cells are 

balanced and at approximately the same voltage. The cell taps allow the BMS to monitor each cell 

voltage, ensuring that the voltages are not too high or too low according to the pre-programmed values. 

Using the measured cell voltages, pack current, and additional programmed values in the battery pack 

profile, the BMS calculates the individual cellôs internal resistance, and open cell voltages. These 

calculations then allow the BMS to monitor the battery packôs State of Health (SOH) and State of Charge 

(SOC). The BMS additionally monitors battery pack safety issues, such as high voltage isolation, current 

sensor failure, and BMS internal failures. When a failure occurs, the BMS enters a safe mode and notifies 

the user by employing failure codes. Failure codes can be viewed using a computer and the BMS utility. 

This allows issues to be easily identified and repaired. 

After reviewing the BMS manual, it was determined that the BMS can regulate current using 

three different methods: current limiting via CAN bus, current limiting via analog voltage outputs, and 

current limiting via on/off signals from the BMS. Current limiting using CAN bus is the simplest method 

due to the amount of chargers, controllers, and other EV equipment that employ a CAN bus interface. 

This allows components to broadcast desired limits and have the remaining components on the network 

monitor the broadcasted messages. Additionally, controlling current limits via CAN has proved to be just 

as fast and reliable in EV applications as CAN-based control in traditional combustion vehicles. An 

additional advantage of using CAN to control current and electrical power is that power can be gradually 

reduced when the battery pack capacity is nearing empty. Hence, the vehicle gradually slows down versus 

suddenly cutting out leaving the vehicle and passengers stranded. Unfortunately, the GEM motor 

controller is not CAN compatible, and as a result, this was not a viable method for limiting battery pack 

discharge current. 

The second method limits current via analog voltage outputs that range from 0 to 5 VDC and 

provide an analog representation of the maximum current limits. For example, 0 VDC would represent 
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0%, and 5 VDC would be 100% with respect to the maximum current limit. This method is best applied 

in situations where a motor controller does not support CAN, but uses a 5 VDC potentiometer for the 

accelerator pedal. Upon further review of the vehicle wiring diagrams, it was determined that the GEM 

was indeed equipped with a 5 VDC potentiometer accelerator pedal. Figure 17 shows the accelerator 

pedal wiring diagram. Pin 8 on the motor controller provides the accelerator pedal voltage supply at 4.3 

VDC to pin K of the accelerator pedal. Since the remaining method is a simple on/off function, this 

method appeared to be the better choice for current limiting the battery pack. 

 
Figure 17: GEM potentiometer accelerator pedal schematic [18]. 

Upon attempting to substitute the BMS 5 VDC with the motor controllerôs 4.3 VDC signal, an 

error code was present on the GEM vehicle display, and the vehicle did not function. The code was 

investigated via the GEM repair manual, and it reflected a problem with the accelerator pedal wiring. It 

was concluded that since the BMS and the motor controller did not share a common ground, the BMS 

signal differed in voltage compared to the motor controller voltage signal. This issue could not be 

corrected because the motor controller was part of the isolated high voltage circuit and did not share a 
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common ground with the vehicle chassis. With the first two methods of current limiting unsuccessful, the 

only remaining method was to utilize an on/off signal from the BMS. 

The final and simplest method for limiting battery pack discharge current through the BMS 

utilizes an on/off signal through the BMS outputs. In this case, the discharge enable output was utilized 

that toggles on or off depending on the driving conditions and the pre-programmed current discharge 

limits. This method could be implemented in multiple locations as well. The initial attempt of this method 

employed the GEM high voltage contactors. This added the BMS in series with the motor controller and 

main contactor while not requiring any additional components. However, when this was tested, another 

fault code related to the main contactor was displayed on the dash resulting in the vehicle ceasing to 

function. Further options for implementing the final current limiting method were to interrupt the 

accelerator pedal signals to the motor controller. Effectively, this would allow the BMS to disable the 

driver inputs to the controller preventing further current discharge from the battery pack. 

To implement this method, an additional relay was needed. The selected relay was a reed relay 

sourced from Digi-Key, part number 725-1033-ND (Figure 18). The relay was initially installed in series 

with the accelerator pedal voltage supply, but another fault code was displayed identifying accelerator 

pedal wiring. In order to use this method successfully, a motor controller input wire would have to be 

interrupted without tripping a vehicle fault code.  

 

Figure 18: Digi-Key Reed Relay #725-1033-ND [20]. 
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Fortunately, the start switch signal that was wired to the accelerator pedal provided the desired 

results. From the wiring diagram presented in Figure 17, it was determined that this signal simply just 

toggled a switch in the accelerator pedal as a part of the vehicle start sequence. Since the relay would just 

act as an additional switch, it should not trip a fault code as in previous attempts. The relay coil was wired 

to a 12 VDC wire, and the other side was wired to the discharge enable pin on the BMS. When the current 

limit is reached, the BMS disconnects power to the relay coil causing the switching side of the relay to 

toggle to the open position. The switching side of the relay was wired into the start signal switch wire 

circuit. The revised pedal schematic is presented in Figure 19, On the coil side of the relay, it was 

important that current into the BMS did not exceed 175 mA. The selected relayôs rated coil current was 

126.3 mA, well below the current limit into the BMS.  

 

 
Figure 19: GEM Revised Accelerator Pedal Schematic with the BMS current liming by toggling a 

relay on/off [18]. 
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 Upon testing the relay, the system functioned as desired without tripping any vehicle fault codes. 

The goal of controlling the discharge current was to prevent drivers from rapid acceleration, subsequently 

depleting the battery pack. Hence, the current limit was set to 30 A in order to conduct additional vehicle 

range tests. During the first test, the relay functioned as designed, but it would not reengage once the 

current fell below the limit. After numerous emails with Ewert Energy regarding the issue, they stated that 

the BMS had not been programmed to be used that way, and that the only way to reset the relay was to 

cycle the BMS power through the key switch. This result was not desirable and would result in the user 

having drivability issues. Ewert Energy and the author then collaborated to develop and beta test updated 

BMS software (see Figure 20) that would allow the discharge enable relay to reset after a specified time 

amount. The minimum time of one second was programmed and resulted in a more desirable result. 

Further range tests were conducted with an improvement in range up to seven miles. However, the current 

limit of 30 A was not providing enough current to the motor to accelerate the vehicle up the steep 

elevation grades found on the University of Kansas campus. Moreover, during these range tests, another 

issue was discovered. 
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Figure 20: Updated Orion BMS Software GUI showing the discharge relay tripping at 10% above 

the specified limit and the minimum reset time. 

 After charging the battery pack to a perceived 100% SOC, the vehicle would drive around until 

the pack SOC was lowered to 20%. After a drive cycle, the vehicle was then plugged in and allowed time 

to charge. The battery pack capacity was 40 Ah, and the battery charger had a maximum charging 

amperage of 10 A. Hence, in order to go from a depleted battery pack to a fully charged battery pack, it 

should take approximately four hours based on the stated charging rate. During one of the vehicleôs 

charging cycles, it was observed that the SOC went from 20% to 100% in under an hour. Upon this 

observation, it was concluded that there were further issues with the initial programming of the BMS unit. 

 When the BMS was first installed into the vehicle, the EcoHawks team had to program the BMS 

using basic guidelines provided by Orion online. During this effort they indicated there were areas of 

uncertainty with what they were accomplishing. During the process of assisting Ewert Energy with beta 

testing software updates, the BMS software was updated twice. One of the updates featured a battery 
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setup wizard that guided the user through the initial setup process using pre-programmed values for 

different battery types. Instead of filtering through the initially programmed BMS settings, the initial 

settings were saved and then the BMS was reset so that the new program could be compared to the initial 

program. Reprogramming the Orion BMS simply involved using the setup wizard tool to specify that 

twenty-four CALB 40 Ah batteries were being used in series, with a nominal cell voltage of 3.30 VDC. 

From those provided parameters, the BMS re-programmed itself using values from the selected battery 

profile. With the BMS reset, the new program could be compared with the original program to determine 

where the error had occurred. 

 The error occurred during the programming of the SOC settings. For lithium batteries, SOC is 

difficult to calculate due to a flat voltage discharge profile. As a result, the BMS has to monitor battery 

current and employ a method called Coulomb counting to estimate the battery pack SOC. Coulomb 

counting monitors battery current use over time and while this method is accurate the SOC needs frequent 

re-calibration. The Orion BMS uses battery profile settings to determine any discrepancies between the 

calculated SOC based on voltage versus the measured SOC based on Coulomb counting. When 

discrepancies are found, the BMS causes the calculated SOC to drift towards the correct SOC using 

specified voltage drift points. This drift allows the SOC to be adjusted over time that results in advanced 

system warnings and avoids system oscillations [21]. Figure 21 shows the original voltage drift settings, 

and Figure 22 shows the voltage drift settings after resetting the BMS. 
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Figure 21: Initial BMS Voltage Drift settings provided by the Orion BMS software utility.  

 
Figure 22: Reprogrammed Voltage Drift using the provided battery profile provided by the Orion 

BMS software utility.  

 After re-programming the BMS, the vehicle was tested again over the same route. However, as 

previously mentioned, 30 A was an insufficient current limit and it was preventing the GEM from 

climbing steep elevation grades. To allow the vehicle to climb steep hills, the current limit was set to the 

motorôs current limit of 56 A. There is a 10% tolerance that allows the current to briefly exceed 56 A 

(61.6 A maximum) before tripping the discharge enable relay. The tested route was driven on the west 

side of KUôs campus, as shown in Figure 23. The elevation profile was similar to the elevation profile 
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used in the undergraduate studentôs initial design calculations (Figure 24). From the route and elevation 

data presented, the test route was only 6.6 km, or 4.10 miles. Consequently, the route was repeated in 

circuit fashion until the SOC dropped to 10%. This resulted in a range of 16 miles and approximately 180 

miles per gallon equivalent (mpge). These improved results align with the EcoHawks initial model 

predictions (i.e., 15 miles). Overall, having the ability to monitor battery pack data via CAN bus 

significantly aided the diagnostics process, subsequently improving vehicle range.  

 

Figure 23: Drive Cycle Route shown on Google Maps. 
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Figure 24: GEM Drive Cycle Elevation Profile. Elevation was calculated using 

http://www.doogal.co.uk/RouteElevation.php.  

 Being able to utilize a laptop connected to the BMS CAN bus significantly aided in vehicle 

diagnostics. Issues and faults were quickly identified through fault codes broadcasted by the BMS. 

Without the ability to view real time data transmitted over the CAN bus, the charging and discharging 

issues may have never been identified. The overall powertrain system was additionally protected with the 

installation of a relay to cycle driver input when battery current exceeded programmed limits. Through 

the combination of understanding how the vehicle systems work, the basics of CAN bus systems and its 

benefits, and system diagnostics skills, the overall range of the GEM short-range EV was increased 

resulting in a successful battery pack upgrade. Hence, the GEM vehicle proved to be a successful 

application of vehicle networking and diagnostic skills. The GEM proves to be a good example of simple 

and small vehicle networks; whereas, the JimmE-V introduces multi-node networks. The next section is 

dedicated to the design and installation of a multi-node CAN bus in a full-scale electric vehicle. 
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2.4.2 EcoHawks 1997 GMC Jimmy KU EV 2.0 

The purpose of this project is to demonstrate the use of engineering principles in order to develop 

an innovative alternative energy vehicle as opposed to a vehicle that runs on non-renewable fossil fuels. 

By taking lessons learned from the VW Beetle EV conversion, the JimmE-V represents an EV that a 

consumer could purchase on todayôs automotive market. The vehicle chosen for the conversion was a 

1997 GMC Jimmy with a 4.3 L six-cylinder engine. The engine was coupled to a five-speed automatic 

transmission with four-wheel drive. Due to the majority of sport utility vehicles on the roads in the United 

States, this vehicle was a perfect candidate for an EV conversion. Using current automotive technology, a 

CAN bus allows communication between vehicle components. Component communication over the same 

network offers improved efficiency and reliability  and due to the potential high voltage hazards in electric 

vehicles, this is a desired feature. The JimmE-Vôs main features include an alternating current (AC) 

motor, a motor controller, a lithium iron phosphate (LiFePO4) high voltage battery pack, an electric air 

conditioning compressor, an electric power steering pump, and a standard automotive 12 VDC system to 

run interior features. The focus of this section is the establishment of the vehicle CAN bus, covering why 

it was needed, the network architecture, the components on the bus, and the installation process. Since the 

vehicle powertrain is controlled via CAN, vehicle powertrain design and components will be covered to 

compliment the importance of the vehicleôs CAN bus. 

In comparison to the original GMC Jimmy, the JimmE-V powertrain is simpler and contains far 

less components. The AC motor, installed in the front of the vehicle, directly transfers power to a 

driveshaft that is coupled to the vehicleôs rear differential, as seen in Figure 25. From the differential, 

there is a gear reduction through a final drive ratio of 3.08 before power finally reaches the wheels and 

pavement [22]. Since the motor directly drives the rear wheels, drivetrain losses are only present in the 

systemôs bearings and the differential. Whereas, the original Jimmy had drivetrain losses in the 

transmission, transfer case for four-wheel drive operation, and the rear differential. Each pair of gears 

used to transfer power are 95-97% efficient, with bearings and joints 98-99% efficient [23]. Further losses 
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can be found in the vehicleôs torque converter or clutch depending on the transmission setup; however, 

the simplified EV powertrain does not contain those components. 

 

Figure 25: JimmE-V powertrain layout 

Providing power to the motor is accomplished through 104 CALB LiFePO4 batteries connected in 

series. Each cell in the battery pack is 3.30 VDC nominal and has a capacity of 100 Ah. Due to the size of 

the battery pack, the pack was split into two equal dimension battery boxes. To protect this energy source 

safely, the boxes were constructed from Polyvinyl Chloride (PVC), and are surrounded with recycled 

rubber mats to electrically isolate the pack. The boxes were placed in the vehicle as low as possible to 

lower the vehicleôs center of mass and still provide easy access for service and data acquisition. 

Additional safety measures such as fuses and contactors were also installed, and will be covered in detail 

in Chapter 3 of this document. 

From the battery pack, current flows through shielded high voltage cables to the motor controller 

that is located under the hood of the vehicle. The controller is an Azure Dynamics DMOC445 controller 

and inverter. The inverter is necessary to convert the DC power supply from the batteries into AC power 

for the three-phase motor. The DMOC445 is controlled via CAN bus, which requires the use of an ECU 
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to communicate driver input to the motor controller. Both the motor controller and ECU will be covered 

in more detail in this section, and operation and calibration will be covered in Chapter 3 of this thesis. 

The JimmE-V also features an Elithion Lithiumate Pro BMS to maintain the lithium battery cells. 

As previously discussed, the BMS helps regulate battery pack charging and discharging based on pre-

programmed limits. The BMS used in the JimmE-V is also capable of communicating via CAN bus; 

however, the selected Azure controller is not compatible with the Elithion BMS. The BMS can 

communicate battery SOC information via CAN bus to a display located next to the vehicleôs emergency 

power disconnect contactors. Charging the battery pack is accomplished through a Manzanita Micro PFC 

20 device. The charger is controlled via the BMS using AC and DC relays. Since this section is focused 

on how the vehicle powertrain and CAN bus functions, further BMS and battery charger information can 

be found Chapter 3. With an understanding on how the entire powertrain functions, the main CAN 

components will be examined. 

The original JimmE-V design team selected the Azure motor and controller in 2010 due to an 

initially assumed simplicity. Both the motor and controller are air cooled negating the need for additional 

cooling and heat exchanging components. Additionally, the AC55 motor displayed a flatter efficiency 

curve over the motorôs operating range. The AC55 motor was also designed and built for use in larger 

trucks and vans [22]. The motor was then paired with Azureôs DMOC445 controller that is both a motor 

controller, as well as an inverter to transform the DC power into AC power. A system schematic is 

presented in Figure 26. The Energy Storage System (ESS) represents the high voltage battery pack. The 

ESS provides DC power to the DMOC and inverter, and from the inverter AC current powers the motor. 

Additionally, a 12 VDC auxiliary battery is required for the DMOC to operate. The ECU is not pictured 

in the figure, but is represented in the schematic from the arrow for application inputs and outputs.  
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Figure 26: Azure DMOC445 and AC55 system schematic [24]. 

Since the DMOC is CAN controlled, an ECU is required to send command messages via CAN 

bus. To get the DMOC communicating on the CAN bus, the CAN bus needed to be wired, and then CAN 

parameters needed to be programmed in the controller using Azureôs software utility ccShell. From 

section 2.2.4, it is evident that the wiring is relatively simple and will not be covered in depth. In order to 

plan the network properly, the network was set up as a multi-node network to allow the addition of other 

components in the future. The CAN bus was wired to the 8-pin terminal that plugs into the DMOC. That 

same connector also is connected to the RS232 communication to communicate with a laptop for 

programming and data logging. The middle terminal is the 35-pin connector that is used for interfacing 

with the vehicle to obtain 12 VDC power and drive enable inputs. The connector on the far right is the 14-

pin connector that is connected from the controller to the motor. This connection monitors the speed, 

direction, and temperature of the AC55 motor [24]. The three different wiring terminals for the 

DMOC445 are shown in Figure 27. 
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Figure 27: DMOC445 connection terminals. The 8-pin teminal for vehicle communication is on the 

left, the 35-pin interface terminal is in the middle, and the 14-pin terminal for motor data is on the 

left [24]. 

In order for the DMOC to work, high voltage (330 VDC) and auxiliary voltage (12 VDC) need to 

be present. To ensure high voltage isolation, the DC high voltage cables are connected to terminals inside 

a moisture proof covered section of the motor controller case as seen in Figure 28. The 12 VDC 

connection is accomplished through the 35-pin connector terminal on pin 9. The 12 VDC power is 

controlled by the ECU that is discussed later in this section. 

 

Figure 28: High voltage connections for the DMOC445 [24]. 

With both high and low voltage present, the internal contactors within the controller need to 

engage in order for the vehicle to operate, for the operator to change controller variables, or for the 

operator to view real-time data. The internal contactors will engage once the vehicle is shifted from the 

park position using the shift knob. Of note, the contactors can be engaged by shorting the drive enable pin 
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(pin 7) to a digital ground on 35-pin terminal on the controller (pin 35). The shift knob will be covered 

later during the discussion of the ECU.  

The ECU is responsible for sending 12 VDC power to the DMOC along with torque command 

messages to accelerate the vehicle. However, before the DMOC can communicate with the ECU, the 

initial CAN parameters needed to be programmed.  

Once initially programmed, the CAN parameters should not need to be changed. However, if any 

CAN bus systems change, the user can easily adjust the CAN variables if needed. In order for the ECU 

and DMOC to communicate, they first need to have the same baud rate. The programmed baud for the 

ECU and DMOC is 500 kbits/second. In ccShell (use discussed later), the variable EEXCANBitS 

specifies the current baud rate. With the baud rate adjusted to 500 kbits/second, the ECU and motor 

controller additionally need to have an equal status ID. EEXCANCommandID is the variable for 

programming the status ID, and the value is set to 562.0. 

In order to ensure that the controller functions as designed, the bit segment timing needs to be 

properly programmed to avoid CAN errors. One requirement from Azure is that (TSeg1 + TSeg2 + 1) 

should be an even divisor of the internal clock frequency divided by the baud rate. The clock frequency 

for the DMOC is 40 MHz. Azure provided timing settings for frequently used baud rates, and the timing 

options for the designed 500 kbits/second baud rate are provided in Table 1. Either of the two-bit segment 

timing options are acceptable for the designed baud rate. Since these settings were initially established, 

there should be no need to modify or alter the CAN parameters. In the event it is desired to alter these 

parameters, please consult the DMOC CAN Controlled Application User Manual or the DMOC445 and 

DMOC645 User Manual to ensure that any proposed changes will not interfere with the operation of the 

motor or controller. 

Table 1: CAN Bit Segment Timing Options for 500 kbits/second [24]. 

CAN Baud Rate 

EEXCANBitS 

DMOC Clock ÷ 

Baud Rate EEXCANTSeg1 EEXCANTSeg2 

500 80 13 6 

500 80 5 2 
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In addition to properly setting up the CAN parameters, the controller has built-in Finite State 

Machines (FSM) to control operation modes. These variables can be viewed in ccShell, and can be used 

to diagnose potential issues if the vehicle is not operating correctly. There are FSMs that exist at the core 

and application level for the DMOC445. The application specific FSM refers to the device connection 

state. If a device, such as an ECU, is not online, the controller will not allow operation. The remaining 

FSMs are present at the core level of the controller. These core level FSMs are the contactor and 

powerstage FSM. The contactor FSM handles the pre-charge of the DMOC and the closing of the internal 

contactor, and is the ISR2ContactorState variable. When engaged, the contactor operates rapidly to either 

display OPEN or CLOSED in ccShell. The powerstage FSM handles the enabling and disabling of the 

power switches. ISR2PowerStageState is the variable that reflects the status of the powerstage FSM. Once 

the vehicle has gone through the start-up sequence of checking the discussed parameters and requirements 

for operation, this variable will display READY in ccShell reflecting that the controller is waiting for a 

power request. These variables and the operation of ccShell will be discussed more in Chapter 3 but are 

presented here to provide background knowledge on the controllerôs start-up sequence. With an 

understanding on how the controller initializes its start-up sequence, the final component to examine is 

the ECU. The ECU acts as a gateway between the driver and the motor controller providing accelerator 

pedal input, and controlling 12 VDC power to the DMOC. 

When initially installed, there were communication errors with the ECU and motor controller. 

However, before examining these issues and diagnostics performed, the purpose of the ECU needs to be 

examined. The main finding from the previous research was that the JimmE-V could not operate with just 

a potentiometer accelerator pedal (similar to the Beetle EV), as the 2010 ï 2011 team had planned. The 

analog signal produced from the potentiometer would not work as an input for the motor controller 

because the controller requires a digital CAN input. The solution was to locate a pedal that could 

communicate via CAN. Extensive searching concluded that there are no pedals that communicate using 

CAN. However, a company called New Eagle offered a solution. New Eagle created and programmed an 

ECU specifically for the JimmE-V architecture. The ECU converts the analog signal from a dual 
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potentiometer pedal into a digital CAN signal that the Azure Dynamics motor controller can read as an 

input. The ECU installation was completed in the fall of 2012. To understand how the ECU system 

works, the system will be examined as a whole before breaking down the components individually.  

New Eagle provided a system schematic that shows all the wiring connections to the ECU, 

Smartcraft connection junction, accelerator pedal, and the Azure DMOC445; as seen in Figure 29. An 

enlarged view of some of the smaller components can be seen in Figure 30. 

 
Figure 29: The New Eagle ECM system schematic showing the larger components. 
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Figure 30: An enlarged view of how the accelerator pedal, brake light, ignition switch, and the five-

way (position) switch are integrated into the New Eagle ECM system. 

The New Eagle ECM operates on a 112-pin platform, and has three terminals labeled A, B, and C 

respectively, as indicated in Figure 31. The provided New Eagle wiring schematic has all the needed pins 

labeled, as seen in Figure 29. Initially, the connections in the wiring schematic for the ECM were difficult 

to interpret because the terminals lacked labeling. The A, B, and C terminals were determined by using a 

wiki page that New Eagle has setup for their product documents, as seen in Figure 31.  

Here is how to interpret the ECM labeling: (B-C1) CAN1H represents one of the 112 pins on the 

ECM. The first B refers to the B terminal, and C1 refers to the grid set up within each terminal. The 

letters represent the column index, and the number represents the row index. CAN1H represents the 

function of the pin. This example represents one of three CAN high inputs. The ECM has two 

recommended gauges for wiring. The smaller pins on the ECM use 20-gauge wires and the larger pins use 

18-gauge wire. 
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Figure 31: New Eagle ECM pin diagram showing the A, B, and C terminals. The image to the right 

shows a close up of terminal B, pin C1 [25]. 

The pedal that New Eagle selected and provided with their ECM system is a dual potentiometer 

pedal. When the pedal is pressed, the potentiometer changes the voltage sent to the ECM. The ECM takes 

the analog signal from the pedal and converts it into a digital CAN command message in the form of a 

torque request. The motor controller is then able to read the command message and operate the motor 

according to the message received. Figure 32 shows the accelerator pedal and the dual potentiometer 

pedalôs position sensor. The 2012-2013 JimmE-V team leader, Kevin Helton, was responsible for 

designing and installing a bracket to accommodate the irregular dimensions of the accelerator pedal. The 

pedal bracket assembly uses the original Jimmy gas pedal mount on the firewall as a bolting location. 

 
Figure 32: The New Eagle dual potentiometer pedal. 

Another important part of the New Eagle ECM system is the five-position switch. This switch 

acts as the vehicleôs ñshifter.ò Each position on the switch represents a transmission function, similar to a 

standard automatic transmission (neutral, reverse, park, drive, and low). Despite having the standard drive 

functions on the shifter, the AC motor in the JimmE-V is a direct drive motor without a transmission. 
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Consequently, the JimmE-V only has three driving positions (forward, neutral, and reverse). Figure 33 

shows the New Eagle schematic for the five-position switch. After initially testing the system, the switch 

position was changed by switching the neutral and park positions. Switching these positions resulted in a 

similar shifter present in a standard vehicle (park, reverse, neutral, drive, low). 

 
Figure 33: The New Eagle five-position switch schematic showing the different drive positions. 

 Initially there was a problem discovered while examining the New Eagle system schematic. In 

Figure 30 by the brake light symbol, New Eagle specified that a resistor network be implemented to limit 

the voltage going from the brake light (12 VDC when the brake pedal is depressed) to the ECU be no 

more than 4 VDC. They recommended the use of a voltage divider. A voltage divider is typically just 

resistors set up in series or parallel and provides an output voltage that is fractional to the input voltage. 

The most typical voltage divider is a Wheatstone Bridge, as seen in Figure 34. 

 

Figure 34: A typical Wheatstone Bridge voltage divider [26]. 

 However, there is an issue with using a voltage divider. A 12 VDC battery is not a constant 

voltage source. As time increases under battery load, battery voltage decreases. Charging conditions 

produces the opposite effect. For the 12 VDC system, battery voltages could range from 14 VDC 
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(charging) to 10 VDC or lower (under load). Therefore, when the battery voltage drops to 10 VDC, the 

output voltage lowers by the fractional ratio created by the voltage divider. This is not a desired result 

because the brake light voltage signal to the ECU needs to remain a constant 4 VDC.  

 The solution to this problem is a voltage regulator. A voltage regulator maintains a constant 

output voltage, even if the input voltage is changing. There are set voltage regulators and there are 

adjustable voltage regulators. The voltage regulator used in the JimmE-V is AnyVolt Micro Voltage 

Regulator accompanied with a breakout board to simplify wiring. This voltage regulator is an adjustable 

voltage regulator, but after the initial installation and adjustment should not need further adjusting. The 

voltage regulator was installed under the hood of the JimmE-V located on the driver side wheel well. The 

wiring is part of the wire loom that runs from the ECU to the accelerator pedal. Figure 36 shows the 

location of the voltage regulator under the hood of the JimmE-V. 

 

Figure 35: AnyVolt M icro Voltage Regulator and breakout board. Voltage adjustments are made 

via a potentiometer screw on the regulator [27]. 
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Figure 36: The voltage regulator is located under the hood of the JimmE-V on top of the driver side 

wheel well. 

 The relays and fuses in New Eagle ECU system may be the simplest, but they are the most 

important. The New Eagle system uses relays and fuses in order to provide overcurrent protection for the 

ECU and motor controller. A relay is an electrical switch. When supplied power, the relay 

electromagnetically switches to deliver power to the desired components. The relays in the New Eagle 

schematic switch power to the ECU and the Azure motor controller. The selected relays are five terminal 

relays rated at 40 A of current. The relays plug into terminals with wire leads (Figure 37) to allow easy 

replacement and troubleshooting. 
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Figure 37: The four, five-terminal relays plugged into the relay plugs. The relays are installed 

under the hood of the JimmE-V located next to the ECU and motor controller. 

 To protect the ECU and motor controller from excessive current, fuses are used. The New Eagle 

schematic uses three main fuses. The main fuse is a 30 A fuse for the battery, as seen in Figure 38. There 

is also one smaller 10 A fuse to protect the motor controller. These relays and fuses are inexpensive 

safeguards that will protect expensive components from excess electrical current and damage. The final 

component in the New Eagle system is the Smartcraft connector. The Smartcraft connector allows the 

establishment of a vehicle CAN bus, allowing communication between the New Eagle ECU and Azure 

motor controller. 

 
Figure 38: In -line fuse holder and 30 AMP fuse to prevent excessive current from the 12 VDC 

battery. 
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 The Smartcraft connector plays a vital role in the establishment of the JimmE-Vôs CAN bus. It is 

through this bus that several critical components communicate: Azure Dynamicsô motor controller, New 

Eagle ECU, and the laptop for monitoring and programming the ECU. The easiest way to visualize the 

JimmE-Vôs communication network is to compare it with a phone line. Components can send and receive 

messages over the bus (or phone line) as long as they are located anywhere in-between the two 

terminating resistors. The Smartcraft connector consists of multiple junctions on the bus, and the 

termination resistor occupies one of the terminals. 

The Smartcraft connection junction allows multiple devices to connect at one central location. 

Originally, the Smartcraft connector was under the hood of the JimmE-V next to the ECM. However, a 

Minivew CAN gauge and computer can connect to this junction box. New Eagle programmed the 

Miniview gauge to display accelerator pedal position as a percent value including the torque request from 

the ECU. However, the gauge has a short cord to attach to the connection terminal. The Smartcraft 

connector also allows a computer to connect to the vehicleôs network to obtain CAN data and monitor the 

ECU. The JimmE-Vôs glove box offered a central location to have accessibility to this network junction.  

The Smartcraft connector has six terminal pockets, and each pocket has ten pins as seen in Figure 

39. Even though the junction box has six terminals, the pins on each terminal are the same. The top left 

pin is Pin A, and the bottom right is Pin K, as seen in Figure 40. There is no Pin I because ñIò is similar to 

a one, or the imaginary number symbol ñiò. Because each terminal has the same pin connections, the 

Smartcraft connector is an ideal junction to connect other components to the CAN bus. As previously 

mentioned, communication via CAN bus allows fast and reliable transmission of data. However, the first 

ECU installed in the JimmE-V did not allow the user to calibrate the ECU easily. In order to tailor the 

system for future research, another option was needed. 
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Figure 39: The Smartcraft connector has six terminals that display the same data on each pin. 

 

Figure 40: The Smartcraft connector has ten pins labeled A-K (omitting I). Pin A shows the same 

data on each terminal. 

 

 Initially , New Eagle supplied an ECU that was not capable of real-time calibrations. This was not 

desirable because anytime parameters needed to be changed, New Eagle had to change them and then 

send an updated version of the ECU code. Upon receiving the new version of the code, the ECU had to be 

re-programmed. To correct this, a different ECU was purchased through New Eagle in the spring of 2013 

to allow real-time calibration, which is desirable from a research perspective. The two ECUôs physically 

look the same, but there is internal hardware in the new ECU that allows the transmission of real-time 

data, and to instantly reprogram ECU parameters. Since the physical dimensions and wiring pockets were 

identical, the old ECU simply had to be disconnected from the wiring harness and unbolted. The new 

ECU was installed using the same bolt holes allowing the wire harnesses to plug back in without further 

! 

Y 
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modification. The specific details pertaining to the ECU calibration and programming will be discussed in 

the user manual chapter of this document.  

Overall, having the ability to connect a computer to the vehicle CAN bus and ECU to view real-

time data and calibrate the system is a highly desirable feature. Without the foundation research on CAN 

bus features this system would not have been developed to its full potential. However, to get the ECU 

system operating correctly required additional system diagnostics and troubleshooting to get all the 

components communicating. 

 When the ECU wiring and installation was complete, the system did not function as designed. It 

was expected that upon completion of installation, the ECU and motor controller would communicate 

allowing operation of the motor. By using CAN diagnostic codes allocated by Azure, the issue was able 

to be resolved. The Azure DMOC445 has a variable that monitors the device connection state 

(ISR2DeviceConnectState). As mentioned, these variables can be viewed using Azureôs ccShell software 

utility. Initially, ISR2DeviceConnectState was displaying a ñ1.ò After consulting the Azure CAN 

Controlled Application User Manual, it was identified that the motor controller was offline. With the 

controller offline, no CAN link was established. However, the controller was sending out a ñpingò 

message that would be similar to a phone ringing waiting for answering. Once this ping message was 

answered, the controller could communicate through the CAN bus. After consulting New Eagle, it was 

established that the status IDs for the controller and ECU were not equal. As previously mentioned in this 

section, both components need to have an equal status ID in order to communicate. Once the 

EEXCANCommandID variable was changed to 562.0 in ccShell, the ISR2DeviceConnectState variable 

changed from displaying a ñ1ò to a ñ2.ò When the variable ISR2DeiceConnectState displays a ñ2,ò the 

controller is indicating that contact has been established on the CAN bus, and that all messages are being 

sent. Once this occurred, the powerstage FSM mentioned earlier displayed ñwaiting on power request,ò 

and upon depressing the vehicleôs accelerator pedal the motor rotated the wheels. Without the vehicle 

CAN bus and diagnostic abilities in the controller, getting the vehicle to move would have proved 

significantly more difficult.  
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Throughout both of the projects completed by the author and KU EcoHawks, CAN bus has 

played a vital role in the diagnostics and operation of the vehicles. With the network initially set up and 

programmed, real-time calibration delivers instant results that will aid in future vehicle research.  

 

2.5 Conclusions 

Vehicles in use during the early 21st century are composed of networks of complex control 

modules as consumer demand for technology in vehicles continues to increase. From safety features 

including air bags and anti-lock brakes to engine and transmission control units, these elements are 

designed to communicate seamlessly with other control modules and components throughout the vehicle. 

In order for a vehicle to operate efficiently and safely, all of these modules demand reliable, repeatable, 

and high-speed communication. This is achieved through a Controller Area Network (CAN) bus. Since 

the development on the CAN bus, the automotive industry has been able to successfully implement the 

technology to handle errors and faults in vehicle systems in addition to communicating data between 

different control modules onboard vehicles. Using CAN, automotive emission systems can be monitored 

and diagnosed. Because of the success of CAN in combustion-based vehicles, the protocol found an 

additional niche in electric and hybrid vehicles.  

 However, CAN is a difficult concept to initially understand. Through the implementation of CAN 

bus technology in small-scale networks, further insight can be gained. Both of the KU EcoHawks projects 

to implement a CAN bus demonstrated reliable and efficient operation. The GEM and JimmE-V 

additionally have served as excellent introductory work to a complicated subject. System issues can be 

diagnosed and addressed relatively quickly. Without the knowledge and background behind how CAN 

operates, these systems can be difficult to understand. Along with the knowledge gained through the 

development and installation of a CAN bus in electric vehicles, diagnostics skills were developed and 

honed throughout these project timeframes.  
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Chapter 3: JimmE-V Operation and Overview 

3.1 Abstract 

The JimmE-V was designed and constructed to serve as a research vehicle for the University of 

Kansas. The JimmE-V has amenities that make it similar to electric vehicles available to the consumer 

such as, electric power steering, heat, and air conditioning. Consequently, it is imperative to understand 

how the vehicle operates in order to generate research quality data. By implementing a CAN bus in the 

vehicle, the ECU and motor controller are able to reliably communicate offering repeatable results. 

Additionally, being able to view and calibrate powertrain control parameters in real-time allow the 

vehicle to be adjusted for multiple studies. In addition to operation and calibration, this chapter also 

highlights key safety points for maintaining and operating electric vehicles. The authorôs main area of 

work has been focused on the ECU and motor controller communication and calibration; however, since 

those systems interlink with additional vehicle systems, an entire knowledge of the vehicle is needed to 

ensure proper operation. The author additionally assisted with the high voltage battery system, battery 

management system operation, battery charging system, and with power steering and air conditioning 

system installation.   
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3.2 Introduction  

 The purpose of the JimmE-V is to demonstrate the use of engineering principles in the 

development of an innovative alternative energy vehicle. The JimmE-V (aka GMC Jimmy or Chevy 

Blazer) full scale Electric Vehicle conversion project was started by the KU EcoHawks in 2010 and was 

completed in 2013 (Figure 41). Further project background is provided in Chapter 2 of this thesis with 

this chapter providing an operation and overview in order to prolong vehicle life and ensure operator 

safety while conducting research. Moreover, given the complexity of the systems within the vehicle, any 

graduate students wishing to perform research with this vehicle require a comprehensive understanding of 

vehicle functionality. 

 

Figure 41: JimmE-V full -scale electric vehicle conversion. 

Before operating or performing maintenance on the JimmE-V, one should ensure that necessary 

precautions have been taken to mitigate High Voltage (HV) hazards. The JimmE-V has a 330 VDC 

battery pack that poses a significant high voltage risk. Improper maintenance on the HV system (battery 

pack, charger, motor, controller, and contactors) can result in serious injury or death. Remove all jewelry 

(rings, necklaces, bracelets, etc.) before working on any part of the JimmE-V. While working on the HV 

system, there is a rubber mat to help isolate the individual from potential grounding. Additionally, there 

are rubber gloves accompanied by rubber coated socket wrenches when working on the battery pack. 
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 Along with personal safety, it is important to know the parameters of the batteries to further an 

individualôs safety while working with the JimmE-V. Failure to operate the batteries within their safe 

design parameters can result in catastrophic failures including fire, explosion, toxic fumes, excessive heat, 

the release of caustic or poisonous materials, and other potentially lethal situations. The JimmE-V utilizes 

lithium iron phosphate (LiFePO4) batteries that have proved to be inherently safer than lithium ion 

batteries [28]. However, this does not mean that they should be treated any differently. Due to the 

potential risks and hazards of working on or around batteries, it is advisable that more than one person be 

present while working with high voltage systems along with both personnel wearing eye protection. 

NEVER touch anybody while they are working on high voltage systems or battery packs. Additionally, 

never allow more than one person to work on the same high voltage system at the same time. If two or 

more people are touching parts of the system, it is easier to complete a circuit and cause electrocution. In 

the event of an electrocution, the individual being shocked may not be able to let go of the electrical 

source. The extra person present can safely disconnect the electrical source or get help. If the properly 

insulated equipment is available, the extra person can use a device, such as an insulated human hook, to 

pull the effected person away from the electrical source. Under no circumstances should contact be made 

with a person being electrically shocked. If such tools are not available, sturdy pieces of wood can also be 

used to remove an individual from an electrical source. Figure 42 shows the proper safety tools for 

working on Electric and Hybrid Vehicles. The rescue hook is non-conducting and can be used to pull 

personnel off an electrical power source. The face shield and safety glasses are necessary to protect oneôs 

face in the event of a short circuit. The rubber gloves provide additional high voltage isolation. 

 

Figure 42: Electrical hook, isolating gloves, facemask, and other proper safety tools for working on 

Hybrid and Electric Vehicles. 
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The high voltage system is isolated from the rest of the vehicle. This means that there are no risks 

of grounding high voltage through an individual via events like static shocks. The Battery Management 

System (BMS) is responsible for monitoring HV isolation. HV isolation can be manually checked with a 

multimeter set on the ócontinuityô setting. Place one probe on a source of high voltage, and place the 

remaining probe on the vehicle chassis or a ground wire. If properly isolated, continuity should not exist. 

Along with electrical hazards, the JimmE-V should be treated like any other automobile. 

The JimmE-V is a mid-sized Sport Utility Vehicle (SUV) with a weight of 4400 lbs. This is a 

significant amount of mass that has potential to damage vehicles, buildings, or individuals. While 

operating the JimmE-V always wear a seat belt, and do not operate the vehicle without a legal driverôs 

license and automotive insurance. Additionally, since the JimmE-V is an electric vehicle, it is inherently 

quieter than a traditional vehicle. Use extreme caution while in parking lots, as pedestrians may not hear 

the vehicle and walk out in front of the vehicle. Before discussing individual components or systems, a 

general vehicle overview will be provided to illustrate the key features of the JimmE-V. 

 

3.3 Vehicle Overview 

 The JimmE-V is a Battery Electric Vehicle (BEV) that utilizes 104 lithium iron phosphate 

(LiFePO4) batteries in series to provide a nominal voltage of 330 VDC to the motor. The vehicle initially 

started as a 1997 GMC Jimmy (Chevy Blazer equivalent), and before the EV conversion could take place 

the entire vehicle was completely disassembled. The vehicle was initially a police impound vehicle that 

was involved in an accident. Consequently, the vehicleôs structural integrity needed to be examined. Upon 

inspection the frame was twisted and not suitable for use. The 2010-2011 JimmE-V (EcoHawks) team 

sourced and purchased a recycled frame from a salvage yard and began preparing the vehicle chassis for 

the EV conversion. Anticipating a larger weight load from the battery pack, the suspension was upgraded 

to an air suspension in the rear along with the addition of an extra leaf in the rear leaf springs. The rear 

brakes on the vehicle were converted from drum to disc brakes, and the three-phase AC motor was 

installed in the front of the vehicle. To connect the motor to the rear differential, a custom driveshaft was 
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fitted. The vehicle was set up as a direct drive system as per the recommendation of Azure Dynamics. 

Azure specified that the AC55 motor not be used in conjunction with a transfer case or transmission due 

to the torque produced by the motor [24]. With the removal of the vehicleôs original six-cylinder internal 

combustion engine (ICE), vehicle amenities needed to be evaluated. 

 A typical ICE in a vehicle is responsible for powering auxiliary features like the power steering 

pump, air conditioning compressor, generating vehicle electrical power, and providing a vacuum for the 

power braking system. To account for the loss of the vehicle ICE, the JimmE-V features an electric power 

steering pump from a Toyota MR2, an all-electric air conditioning compressor, and an electric vacuum 

pump for the brake booster. It should be noted that in both cases of the ICE and EV, these systems are 

parasitic losses. In the case of the JimmE-V, the air conditioning compressor is powered off the high 

voltage battery pack; whereas, the power steering and vacuum pump are powered off the auxiliary 12 

VDC battery. However, the 12 VDC battery is charged through a DC-DC converter that steps down the 

330 VDC to 12 VDC. As a result, these systems require energy that removes potential from the battery 

pack to power the vehicleôs motor. The auxiliary 12 VDC batteries are necessary to power standard 

automotive circuits, such as lights, turn indicators, and fans. The 12 VDC batteries additionally power the 

ECU, BMS, contactors, and the motor controller.   

 The battery pack in the JimmE-V is composed of 104 LiFePO4 batteries. These batteries were 

chosen over other lithium ion batteries for safety reasons. Even though the battery composition is safer, 

there is still a significant amount of voltage potential. To hold these cells safely, two Polyvinyl Chloride 

(PVC) battery boxes were lined with recycled rubber mats to ensure that the battery pack was isolated 

from the vehicle. The battery pack is charged through a Manzinita Micro PFC 20 battery charger that 

converts AC power into DC power for the battery pack. In order to ensure safe charging and discharging, 

an Elithion Lithiummate Pro BMS has been programmed with limits specific to the JimmE-V application. 

This BMS uses cell boards to monitor the individual cell and overall pack status. In addition to the BMS, 

there are additional safety features in the high voltage system including high current fuses, and an 

additional contactor that can be operated to disconnect the high voltage from the motor and controller. 
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 The motor controller in the JimmE-V serves as both a motor controller and inverter. The inverter 

is necessary to convert the DC power into three-phase AC power for the motor. The motor and controller 

models are the Azure Dynamics AC55 and DMOC445 respectively. The controller is CAN controlled and 

requires the use of an ECU to function. Chapter 2 of this thesis contains further information regarding 

CAN and ECUs. For research purposes, several components in the JimmE-V are capable of data logging. 

The motor controller, ECU, and BMS can each individually log events and different data parameters. 

From a research perspective, the JimmE-V is a desirable research platform due to access for all of the 

vehicleôs components. With a brief vehicle outline presented, each of the components will be discussed in 

further detail. While the focus of the author was the motor, controller, and ECU, since these systems 

require a comprehensive vehicle understanding, the vehicle chassis will be discussed next. 

 

3.4 Vehicle Chassis 

The chassis of the JimmE-V is the foundation that supports all of the vehicle systems. From an 

operation and maintenance standpoint there are minimal actions required; however, there are a few 

systems for the chassis that should be monitored and maintained.  The JimmE-V frame is a fully boxed 

ladder frame. The thick walls of the tubular structure provide structural rigidity, but result in a heavy 

structure. For this application, having a structurally rigid frame allows larger error tolerances. Lastly, 

since the frame is fully accessible, modifications can be added if necessary [22]. The completed vehicle 

chassis is shown in Figure 41. To ensure that the converted JimmE-V would be able to handle the 

additional battery weight, modifications were performed on the stock suspension. Monroe Max Air shock 

absorbers were added for further adjustability, and have a pressure operating range from 20-150 psi. The 

air pressure in the suspension was set at 140 psi. The system does not leak; however, the air pressure 

should be checked on a monthly basis. The air pressure valve is accessible underneath the rear of the 

vehicle above the differential (Figure 43).  
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Figure 43: Air suspension adjustment valve location. The valve is located above the rear differential 

towards the left wheel. 

 In addition to the air shock absorbers, an additional leaf spring was added to the factory leaf 

springs. This modification allowed an additional 900 lbs of suspension support over the rear axle [22]. 

Along with modifying the vehicleôs suspension, brake upgrades were performed to allow the vehicle to 

safely decelerate under both normal and emergency situations. 

 
Figure 44: Completed JimmE-V chassis [22]. 

Braking within the JimmE-V is accomplished through the factory master cylinder and brake 

booster. These components were recycled from the original vehicle allowing the factory brake pedal to be 

implemented. With the added battery weight over the rear axle, the rear factory drum brakes were 
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converted to disc brakes. Upon completion of this conversion, the JimmE-V has a full disc brake system. 

In order to understand how the braking system functions, the system operation will be discussed. 

Automotive braking systems apply hydraulic fluid pressure to actuate pistons. These pistons 

apply pressure to a high-friction material (i.e., brake pads) that contacts the braking surface (i.e., brake 

rotor). To assist the driver with braking, an engine vacuum is applied to a brake booster to multiply the 

vehicleôs braking force [9]. However, since the engine was removed for the JimmE-V conversion, there is 

no vacuum source for brake booster. To account for the vacuum loss, an electric vacuum pump was 

implemented to ensure that the vehicleôs braking power remained unchanged. The pump functions 

automatically when the brake pedal is depressed. When the brake pedal is engaged, there is an audible 

noise from the vacuum pump that was installed under the hood of the JimmE-V to the right of the master 

cylinder and brake booster. The master cylinder and brake booster are shown in Figure 45, and the 

electric vacuum pump is shown in Figure 46. 

 
Figure 45: JimmE-V master cylinder and brake booster. 
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Figure 46: JimmE-V electric vacuum pump. 

This location was desirable to keep the vacuum hose lengths short to allow instant response from 

the system. The vacuum kit implemented was the EV Source Vacuum Assist Kit. The kit included the 

vacuum pump, tubing, relays, fuses, a one-way check valve, and a vacuum switch. The components and 

schematic of the vacuum system will be discussed next to understand how it operates.  

A schematic of the brake assist system is shown in Figure 47. When pressure is applied to the 

brake pedal, the brake light switch is engaged. The brake light switch is installed behind the brake pedal 

underneath the vehicle dashboard. When this switch is engaged, the relays in the relay kit are actuated to 

provide the vacuum pump power. The pump operates until ample vacuum pressure has built up. Once the 

vacuum pressure has been achieved, the vacuum switch disengages the relay causing the pump to power 

off. While decelerating the JimmE-V, the pump may operate for one or two seconds before shutting off. 

This indicates that the required pressure has been achieved. If more braking force is desired, the pump 

may switch back on. The one-way check valve ensures that desired vacuum pressure only flows in one 

direction and does not leak. In the event of a system malfunction, check the fuse located next to the 

battery. If the fuse is not blown, proceed to checking the relays in the relay kit. The two relays are located 

just past the fuse for the brake pump close to the 12 VDC battery. When parking the JimmE-V, or in an 

emergency, another curtail component to the braking system is the vehicle park brake. 
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Figure 47: Vacuum brake assist system schematic. 

The park brake holds the JimmE-V in place while not being driven or parked on a hill. Vehicle 

park brake systems are often mechanical systems consisting of levers and cables. The JimmE-V has a 

park brake pedal located to the left of the brake pedal (Figure 48). The park brake is engaged when the 

pedal is fully depressed. To release the park brake, there is a release handle. When the release handle is 

pulled, the park brake pedal actuates back to the disengaged position. In the event of an emergency, the 

park brake will assist in decelerating the vehicle. However, the park brake does not have the braking 

power of the power braking system. An additional safety feature on the JimmE-V is an Anti-lock Brake 

System (ABS) control module. The ABS module was installed (Figure 49), but does not function due to a 

high degree of difficulty required to set up and program the system. The ABS module is a BOSCH four 

channel ABS module that requires speed sensor input from the wheels, and a custom control algorithm to 
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operate effectively. Since the JimmE-V is a research vehicle, the expansion and research involved with 

this component allows for further development. Along with knowing how the brake system operates, it is 

also important to know how to maintain the brake system. 

 

Figure 48: JimmE-V pedal layout including the braking system. 

 

Figure 49: The Bosch four-channel ABS module is installed forward of the master cylinder and 

brake booster. Even though the system does not function, brake fluid passes through the controller 

to the brake calipers. 
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Maintenance on a vehicleôs braking system is concentrated in two main areas, maintaining proper 

brake fluid level, and replacing the brake pads. Additional issues can arise if there is a leak in the brake 

lines. In the event of a brake line failure, the fluid will exit the system, and the recommended action is to 

replace the brake line. Maintaining the fluid level is achieved by first monitoring the fluid level on the 

side of the master cylinder. If the fluid is below the indicated region, add fluid by removing the black 

cover on the master cylinder. Take caution to not overfill the system. Only use Department of 

Transportation (DOT) three and four brake fluid. DOT three and four fluids are compatible, and are safe 

to mix in the same system. The other area of maintenance concern is the brake pads. When the brake pads 

wear out, there is a metal indicator tab that will contact the rotor as the pad thickness decreases. This 

results in a loud metallic noise that should alert concern. When this occurs, the brake pads need to be 

replaced. A trained mechanic or an individual with prior knowledge and experience replacing brake pads 

can complete this procedure. Along with maintaining the brake system, there are additional chassis 

features that require maintenance. 

The remaining features of the JimmE-V chassis include the tires and the rear differential. The 

tires on the JimmE-V have a maximum inflation pressure of 50 psi. Varying tire pressure can affect the 

vehicle range. Higher pressure favors lower rolling resistance, but decreases the tireôs contact area with 

the road. Additionally, maintaining proper tire pressure will ensure that the tires wear properly and last 

longer. The proper tire pressure for the JimmE-V is between 35 and 40 psi. When the tires need to be 

replaced, it is important to select the proper size of tire. Figure 50 shows the sidewall of a tire on the 

JimmE-V. The first characteristic to consider is the tire width. Failure to get an equivalent width will 

result in an improper fit on the wheel. The aspect ratio indicates the ratio of the height of the tireôs cross 

section to the tire width. The larger the aspect ratio, the larger the tireôs sidewall [29]. For maintenance 

purposes, replacement tires should have an aspect ratio of 65. The last factor to consider when replacing 

the tires on the JimmE-V is wheel diameter. The wheel diameter indicates the size of the wheel that the 

tire is intended to fit. The wheels on the JimmE-V are 17 inch tires and should be the only type installed 
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on the JimmE-V. Any other size will not fit properly onto the wheels. The final aspect of the chassis to 

discuss from a maintenance standpoint is the rear differential. 

 

Figure 50: The tire size is indicated on the sidewall of the tire. Tire width, aspect ratio, and wheel 

diameter must all be considered when replacing the tires. 

The rear differential of a vehicle allows the wheels to rotate at different speeds while 

maneuvering a turn. In order for a vehicle to turn, the wheel on the outside of the turn needs to rotate at a 

faster speed that the wheel on the inside of the turn. This is accomplished through a vehicleôs differential 

with the JimmE-Vôs version in Figure 51 having a final drive ratio of 3.08 [22]. If desired, this ratio can 

be changed by swapping gears in the rear differential. Changing the final drive ratio may be desirable to 

optimize the vehicle to operate in the motorôs peak efficiency regions. However, changing the final drive 

gear is not simple and should be left to a professional mechanic. Additionally, differentials need to be 

serviced every 30,000 to 50,000 miles depending on the vehicle application. It is recommended that the 

JimmE-V differential be serviced every 30,000 miles. Due to the differential being directly driven by the 

motor, the differential takes all the torque produced by the electric motor directly. This concludes the 



70 

 

chassis maintenance section. Next, the motor characteristics and maintenance requirements will be 

examined. 

 
Figure 51: The JimmE-V rear differential. The motor directly drives the wheels through the rear 

differential. This allows the rear wheels to rotate at different speeds while turning. 

 

3.5.1 Three-phase AC Induction Motor  

A motor is a means to convert electrical energy into mechanical energy [30]. Motors have a 

variety of applications in todayôs industry from automotive applications, driving hoists, fans, pumps, and 

pitch and yaw motors in wind turbines. Electric motors utilize one of two types of power, alternating 

current (AC) and direct current (DC). The JimmE-V utilizes an AC induction motor. Before discussing 

the specific motor in the JimmE-V, the theory behind AC induction motors will be reviewed. 

The theory of AC motors is the same as AC generators. They are built the same way that allows 

them to act as a motor or a generator. Induction motors are the most commonly used electrical machines 

because they are cheaper, more durable, and generally easier to maintain when compared to other motors 

available. When an AC current is run through winding coils, the coils produce a rotating magnetic field. 

When a conducting object is placed in the rotating magnetic field, current is induced in the object (rotor). 

The electromagnetic forces reacting between the rotating magnetic field produced by the coils and the 

rotor produce an Electromotive Force (EMF). The EMF applies a torque to the rotor that results in a 

change in rotor speed and causes rotation [30]. Since AC induction motors can be both a motor and a 
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generator, an AC motor is a desirable choice for an electric vehicle. Regenerative braking is achieved 

through the motor acting as a generator to recover energy while simultaneously slowing the vehicle down. 

 The motor selected for the JimmE-V was the Azure Dynamicsô AC55 induction motor with 

specifications provided in Table 2. The AC55 was chosen due to the drive train simplicity. Azure 

recommended that the AC55 motor be implemented in a direct drive application. By directly providing 

power to a differential, the need for a transmission and transfer case is eliminated. Additionally, the 

torque produced from the motor could result in damage to the gears in the transmission [24].  

Table 2: Azure Dynamics AC55 motor and DMOc445 controller specifications [24]. 

Peak Torque 280 Nm 

Continuous Torque at Nominal Speed 140 Nm 

Nominal Speed 2000 rpm 

Maximum Mechanical Speed 8000 rpm 

Maximum Current 250 A rms 

Continuous Shaft Power at 1500-2500 rpm 25 kW 

At a voltage of 312 VDC 

Peak Efficiency 87 % 

At a voltage of 312 VDC 

AC55 Weight 106 kg 

Minimum Recommended Nominal Battery Voltage  312 VDC 

Maximum Nominal Battery Voltage 336 VDC 

Minimum Operational Voltage 100 VDC 

Maximum Operating Voltage 400 VDC 

Minimum Operating Temperature -40 °C 

Maximum Operating Temperature 60 °C 

 

To install the motor, the 2010-2011 JimmE-V team fabricated a steel plate to mount the motor in-

between the frame rails as shown in Figure 52. This location was desirable to keep the mass of the motor 

low and centered, resulting in increased handling performance. Additionally, this location resulted in 

simple drive-shaft routing. Additional drive-shaft and differential information can be found in Section 3.4 

of this Chapter. The motor wiring requires minimal connections and is discussed next. 
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Figure 52: AC55 motor installation location between the frame rails. 

 The three-phase AC motor only has two primary connections. The first connections are the three-

phase wires that go from the motor to the controller. These wires were insulated and shielded by Azure. 

The final connection to be made is the encoder and sensor communication harness. This harness is 

responsible for relaying the encoder and motor temperature signals to the controller. These connections 

are illustrated in Figure 53. 

 
Figure 53: Motor wiring schematic for the Azure Dynamics AC55 motor. 

To connect the three-phase cables to the controller, the access cover has four Phillips screws that 

need to be removed. The access cover is located on the top side of the controller behind the cooling fans. 

Connecting the wires is accomplished by fastening the terminals to the proper electrical post on the 
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controller. Each three-phase wire is labeled ñA, B, and Cò respectively, and each wire corresponds to a 

labeled terminal as illustrated in Figure 54. The shielding for the three-phase cables is grounded through 

the controller chassis. A cord grip provides support for the three-phase cables, and the large fastening nut 

grounds the shielding to the controller frame (Figure 55). 

 
Figure 54: DMOC445 three-phase AC connections.  

 

Figure 55: The shielding is grounded through the controller chassis by fastening the large nut on 

the cord grip. 

 The final connection for the motor is the wire harness that couples with the 14-pin connector on 

the DMOC445 motor controller. This cable originates at the front of the motor, and relays encoder and 

motor temperature information to the controller. In order to prevent signal interference with the three-
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phase cables, this harness is routed towards the front of the vehicle and connects to the controller. The 

wire terminals on the DMOC445 are mist rated. There are locking tabs on each harness connection to 

keep the terminals secured to the controller.  

 
Figure 56: Motor encoder harness connected to the 14-pin connector on the DMOC445. 

Overall, AC induction motors require minimal maintenance. However, Azureôs AC55 motor has 

a reputation of rough (i.e., ñjumpyò) starts. The rough starts can be attributed to the factory encoder on the 

motor. At low motor speeds, the encoder relays the motor speed to the controller. Once the motor is above 

1000 rpm, the controller uses the three-phase power data for motor speed. In the event encoder 

modifications are desired, the encoder is located on the front of the AC55 motor (side opposite of the 

drive-shaft) as shown in Figure 57. The encoder can be accessed without requiring motor removal by 

turning the steering wheel all the way to the right. This allows the steering linkages to move away from 

the encoder cover allowing it to be removed. Figure 58 shows the exposed AC55 motor encoder and the 

encoder wiring will be discussed in the following section. In order to control the motor, the AC55 was 

paired with Azureôs DMOC445 motor controller and inverter. The DMOC445 will be the next topic of 

discussion.   
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Figure 57: The AC55 encoder is located on the front of the motor. 

 
Figure 58: Exposed AC55 encoder. 

 

3.5.2 JimmE-V Motor Controller & Inverter  

 Chapter 2 covers the theory behind how the CAN controlled DMOC445 (DMOC) operates. This 

section will be focused on the setup, operation, and maintenance of the Azure Dynamics DMOC445 

inverter and controller (Figure 59). Before interfacing with the DMOC it is important to understand how 

the controller is installed in the JimmE-V. 
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Figure 59: The Azure Dynamics DMOC445 AC motor controller and inverter under the hood of 

the JimmE-V. 

 In order to mitigate vibrations being transferred from the vehicle to the controller, the Azure 

DMOC is fastened to the vehicle using vibration isolation mounts. There are four mounts located at the 

each corner of the DMOC (Figure 60). The mounts are fastened to the polycarbonate platform under the 

hood of the JimmE-V; however, the controller can be removed by only removing the nuts located at each 

corner. The controller chassis is additionally grounded to the vehicle using a ground strap on one of the 

controllerôs corners. The different pin connectors are discussed further in Chapter 2 of this thesis; 

however, to further understand how the controller operates, the 35-pin interface terminal and the 8-pin 

communication terminal will be discussed next. 
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Figure 60: The DMOC has four vibration isolating mounts located at each corner of the controller.  

 The 8-pin communication terminal on the DMOC is responsible for communicating with the 

ECU via CAN bus, and communicating with a laptop via RS-232. The 35-pin connector allows the ECU 

to interface with different control aspects with the DMOC. Only the used pin connections will be 

discussed; for a full description of all the pins available on the DMOC, see the Azure user manual. 

 As previously mentioned, the 8-pin connector is responsible for transmitting and receiving 

communication information from the ECU and laptop. The pins used in the JimmE-V application are 

shown in Table 3. The pin numbering is indicated on the connector with pin 1 at the top left and pin 8 at 

the bottom right. The first three pins are for RS-232 communication to the computer. Pins four and six are 

for CAN communication, and the termination resistor is present on the two CAN wires adjacent to the 

controller. Pin 5 is a CAN communication ground used for shielding, and pin 8 is connected to the 

vehicleôs chassis ground. While the 8-pin connection is responsible for communication, the 35-pin 

connector allows multiple components to interact with the controller. 

Table 3: DMOC445 8-pin connections used on the JimmE-V [24]. 

Pin # Function 

1 RS-232 Tx 

2 RS-232 Rx 

3 Communication Gnd 

4 CAN High 

5 Communication Gnd 

6 CAN Low 

8 Chassis Gnd 
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 The 35-pin terminal allows the DMOC to interface with the ECU and BMS through digital inputs. 

This is also the connector where the controller receives the 12 VDC from the auxiliary batteries. This is 

important to know because in order for the controller to operate, both 12 VDC and HV need to be present. 

Additionally, in the event of an emergency situation, the 12 VDC can be disabled using the vehicleôs 

ignition switch. By removing the 12 VDC power, the controller immediately shuts down. The pins used in 

the JimmE-V application are shown in Table 4. The pins related to 12 VDC power are pins 1 and 13. Pin 

1 is positive 12 VDC while pin 13 is the 12 VDC ground connection. It should be noted that the positive 

12 VDC wire leading to the controller has a 10 A fuse to prevent excess current from entering the DMOC. 

If the DMOC is not receiving power when expected, check to ensure that the fuse is not blown before 

proceeding with further system diagnostics. The remaining pins interface with the BMS and ECU to 

ensure that the controller is not exceeding design parameters. 

Table 4: DMOC445 35-pin connections used on the JimmE-V [24]. 

Pin # Function 

1 Key 12 VDC Source 

7 Regen Disable 

8 Drive Disable 

13 Key 12 VDC Sink (Gnd) 

19 Digital Gnd 

30 Drive Enable 

35 Digital Gnd 

 

Pins 7 and 8 on the 35-pin connector communicate with the BMS through opto-isolators (Section 

3.6.2) and are active low. Active low means that when the circuit is completed between the pin and a 

digital ground the pin becomes active. When the battery pack is full, the BMS completes the regen disable 

circuit telling the controller that regenerative braking is prohibited. Similarly, when the pack is depleted 

the BMS completes the drive disable circuit prohibiting further battery pack discharge. The drive enable 

function on pin 30 is controlled by the ECU once the shifter is moved from park to drive position (i.e., 

reverse or drive). When the shifter is in neutral, the drive enable relay is switched off. When the drive 

enable circuit is complete, the DMOCôs internal contactors will engage indicating to the driver that the 
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vehicle is ready to drive. If the contactors do not engage while in a drive position ensure that the 

controller has 12 VDC. Also ensure that the ECU and shifter are operating correctly (Section 3.5.3). For 

troubleshooting purposes, the drive enable wire can be directly connected to a digital ground bypassing 

the ECU relay. Lastly, it is important to understand the hierarchy of the commands. 

When drive is enabled, and the BMS indicates that the battery pack is low, drive disable is active 

at the same time as drive enable. In this situation drive disable has priority over drive enable, and the 

internal contactors will switch off preventing further motor operation. Regen disable does not interfere 

with a drive command, thus it can be active at the same time as drive enable. These interface connections 

can also be viewed using a computer via RS-232 communication. Communicating with the DMOC over 

RS-232 will be the next area of discussion.  

Communicating with the DMOC via RS-232 communication allows the operators to change 

controller parameters in real-time in addition to viewing, monitoring, and logging data. Before 

communication with the controller is established, it is important to understand where to connect the 

controller to the computer since multiple components can be hooked up and monitored simultaneously 

while the JimmE-V is operating. 

The RS-232 communication from the DMOC ends in a DB-9 connector. In order to adapt the 

DB-9 connection to a modern computer connection, the ATEN USB to RS-232 converter is implemented 

(Figure 61). The DMOC and ECU USB cords are located in the glove box of the JimmE-V. This adapter 

allows the user to connect the controller to a laptop when a serial terminal is not available. This adapter is 

also used with the Elithion BMS (Section 3.6.2). The BMS is capable of auto-configuring the COM port 

setting; however, the DMOC and ECU are not. As a result, it is important that the correct USB port be 

used for each component. If a different USB port is used, the COM port settings will need to be altered 

for the specific component. The DMOC COM port is COM 6 on the vehicleôs laptop (Figure 62). The 

BMS uses COM port 8. The BMS adapter uses a USB extension cord, and as a result has a different plug 

compared to the DMOC cable. However, in the even the COM ports are mixed up it is important to 

understand how to correct the COM port settings in order to establish communication with the controller.   
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Figure 61: The ATEN USB to RS-232 adapter is located in the glove box of the JimmE-V. 

 
Figure 62: Connect the DMOC USB cord to COM 6 on the vehicle's laptop. COM 8 is used for the 

Elithion BMS.  

 Communicating with the DMOC is accomplished through Azureôs ccShell software utility. 

Before parameters can be viewed, altered, or logged the proper communication port needs to be selected 

since the DMOC cannot auto-configure COM ports. Once a COM port has been established it can be used 

subsequent times without having to re-establish the COM port settings. The ccShell program can be 

opened three ways: from the start menu, from the icon on the taskbar, or from the shortcut on the desktop 

screen. The taskbar and shortcut options are shown in Figure 63. 
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Figure 63: ccShell can be opened from the desktop shortcut or taskbar icons. 

 Once ccShell has been opened, a blank screen will be displayed. The current COM port settings 

are displayed at the bottom of the window as shown in Figure 64. In order to change the COM port 

settings the configuration menu at the top of the ccShell window needs to be selected. Figure 65 shows 

the different options available in the configuration menu. The first option is used to change COM port 

settings, while the auto-save option allows the user to select which port is saved as the default COM port.  

 
Figure 64: The current COM port selection is displayed in the bottom left of the ccShell window. 

 
Figure 65: The configuration menu is used to alter the current COM port settings. 
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In order to change the COM port settings, select the Com Configuration option. Once this option 

is selected, an additional window will open prompting the user to select the serial port (Figure 66). Once 

the new COM port has been selected, clicking OK returns the user to the main ccShell window. 

 
Figure 66: COM Port configuration window [31]. 

 With the correct COM port selected, communication can now be established with the DMOC 

controller. In order to establish communication with the DMOC, the .ccs file needs to be opened using the 

file menu. The program should default to the fileôs location; however, if the .ccs file is not immediately 

displayed it is located on the C drive in the Azure Dynamics program file (Local disk C:/Program files 

(x86)/Azure dynamics). This file is crucial for modifying the controller settings. Consequently, multiple 

copies of the file were saved in the event it becomes lost. The .ccs file tells ccShell the name of each 

variable, the data type, length, and where it is located in the controllerôs memory. The .ccs file for the 

JimmE-V DMOC445 is named CND-03FB-302A-003-0024.ccs. Once the file has been located, double 

click the file name to open it in ccShell. If the file has been opened successfully, the main window of the 

program will be populated with four different options to select on the left side of the display window. 

Figure 67 shows the different options available for the user to select once the .ccs file has been 

successfully opened.   

 
Figure 67: Once the .ccs file has been successfully opened there will be four options available to 

select in the ccShell window [31]. 
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 In addition to showing the options in Figure 67, the user can also monitor the connection time and 

status in the top right of the ccShell display window. If the DMOC is connected with the laptop, ccShell 

will display that it is ñConnectedò followed by the connection time (Figure 68). If the DMOC loses 

connection it will display ñDisconnectedò followed by the time the controller has been disconnected. 

Connection with the DMOC can be re-established by simply re-opening the .ccs file. If the file cannot be 

opened, ensure that the controller is powered on (i.e., the shifter is in a drive position, the 12 VDC 

batteries are charged, and HV is turned on). As previously mentioned, the controller needs both 12 VDC 

and HV from the battery pack in order to power on. 

 
Figure 68: The connection time is displayed at the top right corner of the ccShell window [31]. 

With a connection established between the laptop and the DMOC, the user can use the ñViewerò 

option to view variables and log data from the controller. Figure 69 shows the ccShell window with the 

ñViewerò option selected. When viewing controller parameters, only 20 variables can be viewed at the 

same time. Variables can be added or removed using the options on the right side of Figure 69. The top 

window displays the selected variables to monitor. These variables can be removed using the remove 

button. Removing a variable returns it to the list below the selected variables. Variables can be selected 

and then added using the add button. The ñFilterò box can be used to search for the desired variables. A 

full list of variables and descriptions are available in the Azure DMOC445 user manual and the CAN 

controller user manual. Along with viewing variables, the ñViewerò option can additionally be used to log 

controller data. 
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Figure 69: Selecting the "Viewer" option allows the user to view parameters in real-time and log 

controller data [31]. 

 The bottom part of the ccShell window in Figure 69 is used for data logging. Once data logging is 

started, the controller will log the selected variables shown in the main ccShell window. Logging intervals 

can be selected by changing the time (in seconds). One second is the fastest data capturing rate for the 

DMOC. Clicking the ñStartò button begins data logging. Similarly, clicking ñStopò ends data logging. 

Once data logging has been started, the capture tab in the bottom of the window begins to be populated 

with the different variables at the selected time step. Once logging has been completed, the text can be 

selected, copied, and pasted into a notepad or excel file. The file can also be saved when the user right 

clicks the text in the capture window (at the bottom of the logged data). At the top of the ccShell capture 

window the program also displays the directory where the logging file is being saved. The user can then 

take the logging file and use any desired program for post processing the data recorded by the controller. 

While logging data it is important to monitor the controller connection status. If the controller 

disconnects, connection will need to be re-established and a new logging file started. For this reason it is 

helpful to have two people present during drive cycle testing. This allows one person to focus on driving 
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the vehicle, and the second person to focus on data acquisition from the DMOC and BMS. The next tool 

in ccShell to examine is the ñScopeò tool. 

 The Scope tool is used to view what is happening with different variables at a faster rate than the 

Viewer tool. Similarly to the Viewer, the user selects the desired variables to view on the right side of the 

ccShell window (Figure 70). Next, the Scope tool needs to be armed by selecting the ñArmò option. 

Arming the Scope tool simply starts a pre-trigger buffer. When the desired event occurs (i.e. vehicle 

acceleration) trigger the Scope tool using the trigger button adjacent to the Arm button. If the Scope tool 

is armed and an Error occurs in the DMOC, the tool will automatically be triggered to record the 

parameters during the error. Thus, the Scope tool can be used to record recurring faults to aid in 

diagnostics. Additionally, there is a pre-trigger percent that can be used to adjust where the data is 

collected relative to when the tool is triggered. For example, a pre-trigger percent of 100% would 

indicated that when the operator clicked the trigger button (after an event occurred), and would mark the 

end of the event logging. The next option to discuss is the voltage calibration tool. 

 The voltage calibration option in ccShell should not have to be used; however, if the voltage 

measurement needs to be recalibrated, the Voltage Calibration tool provides access to adjust the voltage 

sensor calibration. Before recalibrating the voltage sensor, it is important that the voltage be close to the 

operating voltage (after the vehicle has been charged). In order to compare the DMOC measure voltage to 

the actual voltage, an additional voltage measurement will need to be taken using a multimeter or the 

BMS software utility. The DMOC will show its measured voltage while the user measures the voltage 

independently and then selects calibrate. The DMOC should then adjust the sensor reading accordingly to 

match the independently measured voltage. Once the sensor has been recalibrated ensure that all changes 

are saved to the DMOCôs EEPROM so that the new calibration settings are stored in the controllerôs 

memory. The last topic to discuss in ccShell is the Parameter Editor tool. 
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Figure 70: The Scope tool can be used to view what is happening with variables at a faster rate than 

the Viewer tool [31]. 

 The Parameter Editor tool is used to access and modify the controllerôs variables. Once selected, 

the variables will begin to populate the ccShell window; however, this may take a minute or two to fully 

load the parameters. If an error occurs while loading a variable, the actual value of the variable will show 

ñRxd Errorò reflecting a receive error. The display can be refreshed, or the .ccs file can be closed and then 

re-opened to ensure that all variables are properly loaded. Figure 71 shows an example of the parameter 

editor window with an Rxd error. Once the variables have loaded, the actual value is displayed with the 

specific unit associated with that variable. Minimum and maximum values are also provided to ensure 

that variable limits are not exceeded. The scroll slider can be used to view the different variables that can 

be changed. Do not change variables until all the Azure user manuals and this thesis have been fully 

studied. The DMOC445 .par file settings are show in the Appendix of this thesis (Figure 186 - Figure 

191). 
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Figure 71: The ccShell parameters edit tool with and Rxd error.  In this instance, the .ccs file can be 

closed and reopened, or the display can be refreshed [31].  

 In order to change a variable, select the desired variable and type in the new value in the ñNew 

Valueò cell next to the variable and hit enter. However, hitting enter does not effectively change the 

variable. The program will provide an opportunity for the user to double check that the new desired value 

is a wanted change. This process is illustrated in Figure 72. If the change is wanted, select ñAccept 

Changesò to approve the new variable value. Conversely, if the change is not wanted, select ñDiscard 

Changesò to cancel the variable change. 
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Figure 72: To change a variable type in the new desired value and hit enter. After reviewing the 

proposed change, select accept change to approve the new value, or select discard change to cancel 

the variable change [31]. 

 Accepting the new variable change only temporarily changes the variable in the DMOC. If an 

error occurs during the variable change, the actual value will read ñTxd Errorò indicating a transmit 

error. In order to ensure that the new changes are effective the next time the vehicle is operated, 

ensure that the new changes are saved to the controllerôs EEPROM (Figure 73). Of importance, 

whenever a CAN related variable is altered it needs to be stored to EEPROM, and the controller 

power needs to be cycled with the ignition switch. However, if the new changes are not desirable 

after further testing, the 12 VDC power to the controller can be cycled and the memory will restore 

the previous value. If the new value was saved to EEPROM then it will need to be manually reset by 

changing the variable again. When changing variables, it is helpful to record the original value before 

accepting the new variable changes. This allows the user to revert to the previous variable if desired. 

Another method of saving the controllerôs parameters is using the ñSave Parametersò option. This 

generates a .par file that can be saved in a desired location on the computer hard drive. Multiple .par 

files can be generated and loaded using the ñLoad Parametersò option and selecting the desired .par 

file. When a new .par file is loaded, the parameters need to be saved to EEPROM to remain in effect 

the next time the controller is powered on. Now that the calibration process for the controller has 
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been discussed, monitoring the powertrain temperature is of importance to confirm the components 

are not being operated beyond their limits. 

 

 
Figure 73: Variable changes can be stored to the DMOC's internal memory by selecting the "Save 

to EEPROM" option in ccShell [31]. 

 While the motor can be operated slightly above the rated power, the combination of low motor 

speed and more power results in the motor quickly overheating. Fortunately, the DMOC monitors 

temperature in four critical locations; the insulated gate bipolar transistors (IGBTs), the motor, the DMOC 

heat sink, and the DC voltage terminals. The vehicle operator can monitor these temperatures using the 

ISR2ThermCurrentLimitCause variable in ccShell. While this variable does not specify the current 

temperatures, it does show if any thermal limiting is occurring in the powertrain system. 

The IGBTôs act as high speed switches that can handle more power than conventional transistors 

[30]. When the IGBTôs are the cause of thermal limiting ISR2ThermCurrentLimitCause will display 

THERMAL_LIMIT_IGBT or a 1 depending on how the variable is being viewed. If the motor is 

overheating, ccShell will display THERMAL_LIMIT_MOTOR or a 2. If the heat sink is overheating, the 

heat sink temperature limits can be adjusted to allow the cooling fans to come on at lower temperatures to 

reduce overheating. THERMAL_LIMIT_HEATSINK or a 3 indicates that the DMOC heat sink is too 
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hot. Lastly, the DC voltage connections are also monitored. Excess temperature on the DC connections 

could indicate that excessive current is entering the DMOC. Additionally this could indicate that the DC 

wiring is getting too hot. If the DC wires get too hot, the insulation on the cables could be compromised 

resulting in a loss of HV isolation between the battery pack and operators. When the DC voltage terminals 

are the limiting cause, THERMAL_LIMIT_DC_VOLTAGE or a 4 will be displayed in ccShell. If both 

the DMOC and motor have reached their thermal limiting state, ISR2ThermCurrentLimitCause will only 

display the component that is being limited the most. Additionally, it is important to note that at zero 

motor speed the variable will reflect that the IGBTs are limiting. This occurrence is normal. Along with 

monitoring the powertrain component temperatures, it is additionally important to understand the 

procedure involved for removing the controller in the event it needs to be serviced. 

 In the fall of 2014, the Azure DMOC445 controller experienced issues with the internal 

contactors. After diagnosing the system, it was determined that the issue was rooted internally with the 

controller. In the event an internal controller issue arises, it is important to know how to remove the 

controller safely from the JimmE-V. Do not attempt to open the controller while it is hooked up to the HV 

system. Additionally, only experienced electronics personnel should attempt to perform service on the 

controller. 

 The first step is ensuring that the key is in the off position (Figure 74). While inside the vehicle, 

disable the high voltage power supply by depressing the emergency contactor control button (Figure 75). 

This ensures that no high voltage will be present at the controller when removing it from the vehicle. 

Next, unplug the three wire terminal on the right side of the DMOC (the 8, 35, and 14-pin connections). 

Unplugging these connections removes the 12 VDC source from the controller preventing operation.  



91 

 

 

Figure 74: The ignition switch in the off position (left), and in the on position (right). 

 

Figure 75: The contactor control button is in the 'OFF' position on the left, and in the 'ON' position 

on the right. 

Next, the electrical cover behind the cooling fans can be removed using the proper sized Philips 

screwdriver. Once the cover has been removed, proceed with caution due to the HV connections to the 

controller. At this point, the voltage on the positive and negative terminals can be checked with a 

multimeter. The voltage should read zero. If it is not zero, double check that the contactors have been 

disengaged. It is important to note that this version of the DMOC contains anti-EMF X and Y capacitors 

inside the controller. These capacitors connect to the positive, negative, and chassis of the controller. 

Consequently, when a multimeter is used to measure from the positive (or negative) terminal to the 

controllerôs chassis a large voltage will be present. If a wrench shorts either terminal to the controller 

chassis it can shock the individual working on the controller. However, there is no power behind the 

charge and the capacitance is not high (0.01 µF). At this point, it is best to let the capacitors inside the 

controller bleed off before resuming work. Let the controller sit for approximately 30 minutes before 
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checking the voltage between the DC terminals and the controller chassis. If there is still voltage present, 

continue to let the capacitors bleed off until the voltage is no longer present. 

While the controller is bleeding off the capacitors, the DC-DC converters can be disabled (Figure 

76). Shutting off the DC-DC converters ensures that the HV source is not providing power to the 12 VDC 

system. Once the capacitors have bled off, the DC connections can be removed by removing the nuts and 

bolts with wrenches. In order to remove the cables from the controller, the black plastic nuts that prevent 

water from entering the controller can be removed. Only remove one wire at a time, and once the HV 

cable has been removed, cover the exposed terminal with sufficient electrical tape. Once the two HV 

cables have been removed and taped, the three-phase AC cables can be removed by removing the nuts 

and bolts with wrenches. To remove the three-phase cables from the controller, the shielding nut (Figure 

55) needs to be loosened using channel lock pliers until it can be loosened by hand. With the wire 

terminals unplugged and the AC and DC cables disconnected from the controller, the nuts fastening the 

controller to the vibration dampening mounts (Figure 60) can be removed. Once the four nuts at each 

corner of the controller have been removed, the controller can be lifted out of the JimmE-V by hand. The 

controller weighs approximately 30 lbs. Seek assistance if necessary. If the controller is in need of repair, 

there is contact information for individuals who have worked on the JimmE-V DMOC445 controller in 

the Appendix of this thesis. As evident from this section, it is important to understand how to operate and 

calibrate the DMOC445 in order to collect quality research data. In addition to the DMOC, knowing how 

to operate and calibrate the JimmE-V ECU is additionally important since the ECU is responsible for 

communicating driver commands to the DMOC for motor operation. The vehicleôs ECU is discussed 

next. 



93 

 

 
Figure 76: DC-DC converter enable switch box located behind the passenger seat. 

 

3.5.3 JimmE-V Electronic Control Module 

 The JimmE-V ECU plays an integral role in operating the JimmE-V. As mentioned in Chapter 2 

of this thesis, the ECU serves as a gateway between the operator and motor controller. Since the 

DMOC445 is CAN controlled, the ECU is needed to turn the analog signal from the dual potentiometer 

accelerator pedal into a digital torque command. The torque command is then relayed via CAN bus where 

it is received by the motor controller. The motor controller then applies the necessary electrical power 

from the battery pack to accelerate the vehicle. Additionally, the ECU assists in the regenerative braking 

procedure ensuring that the regen commands are sent to the controller when desired. This section focuses 

on the processes involved to communicate, calibrate, and view real time data from the ECU. 

 The ECU was installed under the hood of the JimmE-V forward of the motor controller Figure 

77). In order to mitigate vibrations, the ECU is secured to the sub-frameôs polycarbonate platform using 

three bolts and rubber bushings. Having these two components located in close proximity reduced the 

wiring length for the CAN bus. Before interfacing with the ECU, there are additional components to 

discuss to ensure the operator can properly interface with the control module. New Eagleôs Mototune 



94 

 

software package is used to interface with the ECU and requires a license. The license information is 

contained on a Crypto-Box USB drive. Before the program can be opened, ensure that the Crypto-Box 

key has been inserted into the laptopôs USB port. The license key accompanies the laptop for the JimmE-

V, and the USB drive is left in the back right corner of the laptop (Figure 78). With the license key 

inserted into the laptop, the next step is to connect the laptop to the JimmE-V CAN bus using the Kvaser 

CAN to USB adapter.   

 

Figure 77: The JimmE-V ECU. 

 

Figure 78: The Mototune software license information is contained on the Crypto-Box USB drive. 

 In order for the Kvaser adapter to interface with the JimmE-Vôs CAN bus, it is connected to the 

Smartcraft connector located in the vehicleôs glove box. The Smartcraft connection junction is wired to a 

DB9 connector that mates with the Kvaser adapter. The USB end of the CAN adapter connects to the 
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laptop. In order to eliminate COM port communication issues, the USB port adjacent to the Mototune 

license key is used for accessing the ECU.  

 
Figure 79: The Kvaser Leaf Lite CAN to USB connection. 

 

Figure 80: The Kvaser CAN adapter is connected to the laptop using the USB port next to the 

Crypto -Box USB drive. 

 The Kvaser adapter has two LEDs on it to indicate that it has power and that the device is 

connected to the CAN bus. Figure 81 shows the different LED indicators. Once all the USB connections 

have been made with the vehicleôs laptop, the ECU can be powered on by switching the ignition switch to 

the on position (Figure 74). This provides the ECU with 12 VDC power from the auxiliary batteries. With 
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the ECU powered on, the Mototune software can now be opened to interface with the ECU. Mototune can 

be accessed through the start menu, or the icons located on the desktop screen shown in Figure 82.  

 
Figure 81: The green LED indicates that the adapter is powered; while the amber LED indicates 

the CAN bus connection has been established. 

 
Figure 82: Mototune can be accessed by selecting the icon or shortcut on the desktop screen. 

 Figure 83 shows the initial display window once Mototune has been opened. The top left of the 

Mototune window registers the license and displays ñNew Eagle LLCò. If the license is not recognized, 

ñUnlicensedò will be displayed. To get the license to be recognized, close Mototune, remove the Crypto-



97 

 

Key, turn off the ignition switch, re-insert the Crypto-Key, turn on the ignition switch, and open 

Mototune. Once the license is registered, the user can select if they want to open a calibration file or 

display file. Calibration files allow the user to modify and save ECU settings, while displays only allow 

the operator to view parameters while the ECU operates. The explorer windows on the left side of Figure 

83 allow the user to navigate through the various parameter folders available in the ECU. In order to 

calibrate the parameters in the ECU, a calibration file needs to be opened. Calibration files can be opened 

using the open folder icon, or under the file menu. Once selected, an open window will display what files 

are available to open. Figure 84 shows the main open window options; calibration files are located in the 

Cals folder, while display files are located under the Displays folder. The display option will be discussed 

after ECU calibration has been discussed in this section.      

 
Figure 83: Initial display window  when Mototune is opened. 
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Figure 84: ECU calibration files are in the Cals folder. 

 To open the ECUôs calibration file, select the Cals folder. In order to view the calibration files, 

ensure that the file type is .cal (default open option). The Cals folder contains each iteration of the ECUôs 

calibration; however, in order to change parameters in real time, the most recent iteration should always 

be opened. Figure 85 shows the available calibration files. These files include files to the non-

programmable ECU. In order to ensure that the most recent file is opened, the file names should be sorted 

by date. The most recent iteration ECU calibration file that should be used is named 

Kansas_902_32mrg000.cal. Once the calibration file has been opened successfully, the calibration 

explorer window is populated with folders and recently viewed calibrations open in the main window 

next to the explorer bar. It should be noted that New Eagle used a very similar ECU in the Ford Transit. 

As a result, there are unused parameters in the ECUôs programming (e.g., AC control, contactor control, 

and heater control). The ECU is only used to communicate with the controller and motor. Figure 86 

shows an example of what Mototune displays once a calibration file has been opened. Recently viewed 

parameters will often be displayed. If there are no parameters displayed, they can be accessed and viewed 

using the calibration explorer window for the desired parameters. 
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Figure 85: To view current ECU calibration parameters and alter parameters, the most recent 

calibration file should be opened. 

 
Figure 86: Once a calibration file is opened, the calibration explorer window is populated with 

parameter folders. Additionally, recently saved paramterers will be displayed in the main window. 

 With the calibration opened, some of the main ECU calibration parameters will be examined. 

When calibrating the ECU, it is important to understand that the motor controller has the final say in 
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regards to what happens with the motor. For example, the AC55 motor is rated at 280 N-m of torque. If 

the ECU requests a torque value of 350 N-m with the controller max torque set to 300 N-m, only 300 N-

m will be commanded from the motor. This setup provides checks and balances to the powertrain system 

to ensure that the motor is not operated beyond its rated specifications. The first calibration parameter that 

will be examined is the accelerator pedal torque map. 

 The accelerator pedal torque map is responsible for varying the torque applied to the motor as the 

vehicle speed changes. Figure 87 shows the JimmE-Vôs accelerator pedal torque map. The top row of 

numbers represents the amount the accelerator pedal is pressed (i.e., 0%, 5%, 10%, 15%, 30%, 50%, and 

100%). The far left row is the vehicle speed in miles per hour. Positive numbers in the map indicate 

positive torque applied to the motor drawing power from the battery pack, while negative values indicate 

that the motor is in a regenerative braking state. The numbers that populate the map are percent values of 

the motorôs rated torque (i.e. if the ECU has the motorôs rated torque at 300 N-m, when the pedal is 

pressed 30% at 10 mph, the ECU will command 40% of the motorôs rated torque). This also applies to the 

negative percent values in the map for calibrating regenerative braking. The displayed map calibration in 

Figure 87 has been relatively unchanged other than the first two rows. The first two rows were altered 

using trial and error to ensure that the vehicle had smooth starts similar to a production vehicle. 

 
Figure 87: The JimmE-V accelerator pedal torque map. 

   Before discussing the ECU display feature, there are some additional parameters that are 

important to discuss. As previously mentioned, the ECU needs to know the motorôs rated torque (Figure 

88), power limits (Figure 89), and final drive ratio (Figure 90). The rated torque should match the torque 

programmed into the DMOC in order to have a consistent pedal torque map. It should be noted that the 
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displayed values in these figures may not align with the current calibration in the ECU. They are simply 

displayed for discussion purposes. The motor power limit and regenerative braking limit are additional 

parameters that can be used to tune the power limits commanded from the ECU. For initial vehicle 

testing, the regen power limit was reduced to 0 kW to ensure the motor was functioning properly. This 

value can be calibrated as desired, with the DMOC having the final say in what is actually generated from 

the motor (i.e., can be set to max value in the ECU, and limit the regen power in the DMOC). The gear 

ratio tab is important in determining vehicle speed. The ECU and controller communicate the current 

motor speed in revolutions per minute (rpm). This value is then used with the final drive ratio to 

determine the vehicleôs current speed. However, tire size is not an available parameter in the ECU. As a 

result, the final drive ratio parameter needs to be adjusted using trial and error, and then compared with 

GPS indicated speed.  

 
Figure 88: The ECU motor rated torque parameter. 

 
Figure 89: The ECU motor acceleration and regenerative power limits. 

 
Figure 90: The final drive ratio parameter used to determine the vehicle speed. 

Lastly, once a parameter is changed it is important to save the current setting. This ensures that 

the ECU memory will reflect the new value the next time the vehicle is operated. Files can be saved using 

the save icon (adjacent to the open icon), or by using the file menu. The next area of discussion is viewing 

ECU displays. 

Viewing the ECU display is useful when operating the vehicle to ensure that the systems are 

operating as expected. Opening a display file is similar to opening a calibration file; however, instead of 
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selecting the Cals folder, the Displays folder is selected. Since the .cal is the default file type, the file type 

needs to be changed to .dis before any files will appear in the folder. This process is shown in Figure 91. 

 

Figure 91: In order to view and open display files, the file type needs to be changed to .dis. 

 The major difference between display and calibration files is that the display files are user 

generated, and they are not dependent on the current calibration (i.e., several different displays can be 

made; whereas, the ECU only has one calibration file). The ECU only has one main calibration file, and 

Mototune will warn the user by indicating that the desired file and ECU do not match. This is not the case 

with display files. Starting a new display is accomplished through the new icon (to the left of the open 

icon) or through the file menu. From there, the user can select desired parameters to view by dragging and 

dropping the parameter into the new window. Once the parameters have been moved in to the desired 

cells, the cells can then be adjusted similarly to how cells are adjusted in Microsoft Excel. The most 

recent display file, Display3.0.dis, provides a good starting display for operators as it shows the majority 

of desired parameters used to indicate the ECU and vehicle are operating correctly. Figure 92 shows an 

example of a display file. The display file shows ECU power states, the current shifter position, 

accelerator pedal percentage, vehicle speed, and the output torque command. Additionally, variables can 

be overridden by changing the pass-through option to manual. Using manual entry can be beneficial in 

troubleshooting relays to ensure they are functioning properly (i.e., if the fault condition is changed to 

manual entry with the value changed from 0 to 1, the fault relay should engage illuminating the fault 
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light). The ECU relays will be covered later in this section. In the event the ECU is not communicating 

with the computer, the communication port settings need to be checked to ensure the Kvaser CAN adapter 

is functional. 

 

Figure 92: The display window allows users to view ECU parameters during vehicle operation. 

 In order to check the communication port settings, there is a MotoServer icon (a satellite dish) 

located in the bottom right next to the time and date on the taskbar. Right clicking the icon produces a 

settings list. This process is illustrated in Figure 93. When the ports option is selected, a port 

configuration will open showing the different options available (Figure 94). To communicate with the 

ECU, PCM-1 needs to be checked for the Kvaser CAN adapter. Lastly, the baud rate needs to match the 

ECU baud rate of 500 kbit/sec. These settings can be modified by selecting the port and clicking modify. 

Before closing the configuration box, apply needs to be selected for the new changes to take effect. 
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Figure 93: The MotoServer icon is located on the far right end of the taskbar. To view the 

connection settings, select the ports option. 

 

Figure 94: MotoServer port configuration window. 

 In addition to knowing how to access, calibrate, and view data in the JimmE-V ECU it is also 

important for the driver to understand how to operate the ECU. As previously mentioned, the ECU is 

responsible for taking the driver inputs and relaying the proper signals to the DMOC controller. The main 

inputs provided by the driver are the shifter, accelerator pedal, and brake pedal. In order to ensure proper 

vehicle operation, each of the main inputs will be discussed. 

 The first input to discuss is the shifter. Typically, automotive shifters have been mechanically 

linked to a manual or automatic transmission. Due to the lack of a transmission, it is important to note that 

this shifter does not mechanically place the vehicle in park. The shifter in the JimmE-V is simply an 

electrical five position switch with each position indicating a drive position. As vehicles begin adopting 

more electronics, manufacturers are already implementing electronic shifters into their vehicles (Figure 

95). The shift positions follow typical automotive shifter setup; the shifter order is Park (P), Reverse (R), 
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Neutral (N), Drive (D), and Low (L). A similar shifter arrangement is implemented in the JimmE-V 

(Figure 96). 

 

Figure 95: Electronic shift knob in the 2015 Chrysler 200 [32]. 

 

Figure 96: The JimmE-V shift knob is located on the vehicle's dash board. 

 Each shift position in the JimmE-V results with different motor operation. The shifter should only 

be operated with the vehicleôs ignition switch in the on position. If the vehicle is turned on with the shifter 

out of park, the shifter will need to be returned to park and have the ignition switch cycled. The different 

shift positions are illustrated in Figure 97. When the shifter is in park, the ECU is on, but the ECU has not 

switched on power to the DMOC. When the position is moved to reverse, the drive enable relay will 

engage providing 12 VDC to the DMOC and enabling the drive mode. At this point, the driver should 

hear an audible switching sound from the DMOC. This sound is the main internal contactors engaging. 

Before backing up the JimmE-V, ensure that the path behind the vehicle is clear of obstacles and persons. 

Once the driver depresses the accelerator pedal, the ECU will request a negative torque command from 

the motor causing the motor to spin in the opposite direction accelerating the vehicle backwards. When 



106 

 

the neutral shift position is selected, torque commands will not be sent to the ECU, and the drive enable is 

disconnected. The final position is drive; this is the position the shifter needs to be in for the vehicle to 

move forward. Once the accelerator pedal is depressed, the ECU will send a positive torque command to 

the DMOC resulting in forward acceleration. The low position is not used, but is displayed to the driver to 

display the switch position. The JimmE-V will not operate in low. Just below the shifter is the Miniview 

display. 

 

Figure 97: The different JimmE-V shifter positions to operate the vehicle. 

 The Miniview gauge display is used to provide feedback to the operators of the JimmE-V when a 

laptop is not in use. The display has three parameters available to display; however, only two are in use 

leaving the third for future expansion. The two parameters the gauge displays are accelerator pedal 

position (APP), and the requested torque command. The displayed parameter can be changed by pressing 

the up or down buttons below the display until the desired parameter is shown. Figure 98 shows the 

Miniview gauge displaying accelerator pedal percent (left) and the torque command (right). In addition to 

the Miniview gauge, there is also a toggle switch for regenerative braking in the JimmE-V.  
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Figure 98: The Miniview display shows the operator accelerator pedal position and the current 

torque command from the ECU. 

 The regenerative braking switch is located below the light switch on the left side of the JimmE-

Vôs steering wheel (Figure 99). The switch controls the voltage input to the ECU when the brake pedal is 

depressed. The 12 VDC signal from the brake pedal is routed through the voltage regulator mentioned in 

Chapter 2 of this thesis to reduce the voltage to no more than 4 VDC before entering the ECU input. 

When the switch is on, the voltage signal is allowed into the ECU. When the switch is off, the ECU input 

does not see a voltage signal. This signal lets the ECU know when the brakes are being applied, and 

whether or not regenerative braking should be applied. In addition to this switch, regenerative braking can 

be programmed on or off through the ECU or motor controller. Before using the toggle switch, ensure the 

desired parameters are established in the ECU and DMOC. Figure 89 shows the regenerative power limit 

set to zero. As a result, the ECU will not command any regenerative braking. If the ECU limit is set 

higher than the DMOC limit, the DMOC will enforce the lower limit. Conversely, if the DMOC is set 

higher than the ECU, the ECU will be the limiting regenerative power. The ECU in the JimmE-V is a low 

maintenance component; however, the ECU controls relays that eventually wear out due to the 

electromechanical nature of the component.    






































































































































































































































































