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Abstract

Due to more stringent emissions and fuel economy standaralsy automotive manufacturers
are implementing morelectric and hybrid vehiclegto their model fleets. Hybrid and purely electric
powertrains offer more sustainable transportation methods; however, larger sport utiity vehicles and
trucks occupy a significant majority of the vehicles on the road in the United States. To thisiend, th
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. Gitar 2 also showcases the different types of control
modules installed in vehiclesCAN bus theory of operation, message formagsror handling, wiring
techniques, anddditional vehicle networking methodse also discussed.astly, electric vehicle case
studies at the University of Kansas are presetudiilistrate the importance aneiefits of implementing
CAN bus.

Chapter 3 focuses on the development of the JifvinEhe JimmEV serves as a research
vehicle that has features similar to EVs availaldecbnsumers. In order for the vehicle to generate
research quality data, vehictgperationand systemsdntegration are discusse@AN buscommunication
allows componentgo be controlled, calibrated, and monitored in réale allowing the JmmEV to be
adusted fo a variety of research studieSafety information is also provided due to the high voltage
potential when working with EVsThe different causes for vehicle failure are additionally included in this
chapter.

Chapter 4 examines the complete epargd emissions produced by the JImMEThis chapter
highlights the energy used in the vehicle manufacturing process in addition to examining the benefit of
reusing vehicle components. Furthermore, a-Uifele Analysis (LCA) was generated using Argonne
Nati onal L abor setGassgs)d Regul@edebmisdioassl Energy Use in Transportation
(GREET) model. The LCA provides estimations for the Jinvh&s ener gy use and emis
t hroughout t he vehicl eds | i f eoh iismiformatisne regardhg the mp any



production and recycling of LiFeRatteries.T hi s WOAr ekfoits for the JiImmE/ are compared
to the previous LCA efforts for the VW BeetlBrive cycle data was collected to examine the efficiency
of the JimmEV, andto compare the results to the VW Beetlastly, the solar generation capabilities of
the newly built (2013) Hill Engineering Research and Development Cardqrresented.

Lastly, Chapter 5 focuses on the conclusions of the JinEoject mainly highligting the
authordéds main contributions to EV projects at the
were centered on the powertrain of the JimwhiBcluding the motor, controller, ECM, and battery pack.

This chapter additionally focusesoreth ve hi cl ebés future impact as a res
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1.1 Introduction

The Environmental Protection Agency (EPA) was established in 1970 with the objectivetéot
human health and the environmddi. Consequently the EPA is largely involved in the regulation of
vehicle exhaust emi ssions. Whil e currently under
standards take hold in 2012]. As these regulations continue becoming more stringent, automotive
manufactures will need to further develop internal combustion (IC) engine technology and implement
hybrid and electric powgains into more production vehicles. To this end, Ford predicts tha2%%f
vehicle sales will be purely electric, while 182%5% of sales will be vehicles with hybrid powertrai.

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

(Figure 1).
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Figure 1. Automotive industry vehicle production share[4].

Hybrid vehicles offer a viable solution to the
environmentally friendly option as opposed to a purely combustion powered vehicle. Since hybrid
vehicles require battery packs, the incurred costs can be thmanea traditional combustion vehicle.
However, over the vehiclebds I|ifetime these higher

economy offered by hybrid powertrains. Hybrid powertrains also alleviate consumer range anxiety since



they can ge 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 pufd]EVs

Despite thedrger 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 stosagece (ESS). Currently, the
majority of ESSs in EVs are lithimion 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 standpoinEVs 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 t-40%ph FComngihre EPA®G emissions reg
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 Motorstodfegically placed
charging stations to alleviate consumer range anxiety, and additionally provide owners the opportunity to

charge their Tesla vehicles Figure2)free within Tesl abd
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1.2 Past Bforts in Electrified Vehicles at the University of Kansas

Mechanical Engineering Associate Profes&or 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 infrastridtase. projects focus dhe
following five metrics: Education, Energy, Environment, Economics, and Ethics. Since the EcoHawks
establishment in 2008, a variety of sustainable projects have been completed. Ovonai€ tte major
EcoHawks projects have involved converting interoembustion (IC) engine vehicles into fasltale
EVs.

The first of the two unique vehicles was a 1974 Volkswagen (VW) Super Beetle that was
converted into a plutn hybrid electric vehicle (PHEV). This project began in 2008, and the vehicle has
been opertional and providing a medium for ongoing research since 2010. Students further increased the
Beetl eds sustainability by including a biodiesel
charging station at a previous program facility. The VWetigehas 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 aWell-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 (Y2&hitecture.

The second unique vehicle produced by the KU EcoHawks was a 1997 GMC Jimmy that was
converted into a battery electric vehicle BEalso known as the Jimm¥& The JimmEV project began
in 2010, and was completed in 2013. The goal of the JihpiEject was to take the knowledge gained
from the Beetle project to fabricate a consumer representative BEV. Road legal since 2015, th¥ JimmE
features many amenities found on consumer vehicles including power steering, air conditioning, and
heating. The Jimmi additionally implements Controller Area Network (CAN) controlled components
which is a standard technigue in the automotive indusince its completion in 2013, the JimrAvEhas
served as a research vehicle focusing on the calibration of the CAN bus anghiseealternating
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current (AC) motor. While the Beetle utilizes a lead acid battery pack, the Jwvhodes an advanced
composibn lithium iron phosphate (LiFeP{ 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 useC#N bus in the automotive industry throughout the
evolution of the Electronic Control Module. This provides context on the role that CAN foleythe
controling of alternative energy powertrain systems. Due to the increasing technology demand in
consumervehicles, 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 thecoperfition message formats,
and error handling are also discussed. In order toratashel 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 tollistrate 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\inh& JimmEgvV
serves as a research vehicle that has featuresrstmil&Vs 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 JWWME Thr ough the vehiclebs CAN
be controlled, calibrated, and monitored in 1t#ak. As a result, the Jimm¥ 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 amissions produced by the JiImfwEThis chapter
highlights the energy used in the vehicle manufacturing process in addition to examining the benefit of
reusing vehicle components. Furthermore, a-Cifele Analysis (LCA) was generated using Argonne
Nation a | Laboratoryds Greenhouse Gasses, Regul at ed
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(GREET) model. The LCA provides estimations for the Jinvh&s ener gy use and emis
t hroughout t he vehicl eds | i f et isnirdormatianeregardidg theo mp any
production and recycling of LiFeRObatteries. Additionally, the LCA efforts for the JimmvEare

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

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

l ogged through the vehiclebébs CAN bus to provide r
statistics generated by an identical drive cycle route. Lastly, this chaptemesgathe solar generation

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

Finally, Chapter ©5é.



Chapter 2: Vehicle Communication Networks Focusing on the Development of a Controller Area
Network for a Full-ScaleElectric Vehicle Conversion.
2.1 Abstract
In-vehicle networking hasapidly evolvedsince the introduction of the Controller Area Network

(CAN). CAN plays a crucial rolein vehicle safety and operation. As the automotive market begins to
further explore electric and hybrid vehice a CAN will provide reliable control fothesealternative
energy powertrain systems. To this end, thigpter introduce€AN systems |t is meant to provide an
outline of the development and history of CAN, and its use in rigleict Control Units (ECUs). Due to
the large number of ECUs in use by automotive manufacturers, different types of ECUs will be examined.
Moreover, n order to understand how CAN functions on the micro level, the theory of operation,
message formats, andre@ 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-bmard vehicles. To accompanpe discussions on the
background and theory of CAN buses, the use of CAN bus wittand vehicle diagnostics is examined
to illustrate the important role vehicle networking has played in the automotive industry. Lastly, case
studies involving the authod s work with the University of Kansa
projects will be examined to illustrate the importance and benefits of utilizing CAN bus technology in EV

applications.



2.2 Introduction

Vehicles in use during the early ®2kentury 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 arltick 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), Gautyol
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 theseule®dlemand
reliable, repeatable, and higpeed communication. This is achieved through a Controller Area Network
(CAN) bus.

CAN is a serial communications protocol originally conceived by Robert Bosch. The
International Organdation for Standardizationl§O) published the first CAN specifications in 1986, with
development beginning in 1983]. Bosch publishedhe 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 tidbtond while minimizing vehicle cost and weight by reducing
the amount of wiring needejd]. Utilizihg a CAN bus reduces wiring because there are only three lines
needed for the entire veklicnetwork: 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 vitaé feehicle 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 ayern interior lights, stereo commands, and other interior funcfi®hs The main
advantage for using a CAN bus is that multiple CAN controllers lwarinked together so that devices
may communicate with each other. This mdétvice communication allows the logging of information,
such as vehicle statistics, service reports, and time per job. CAN also significantly reduces the number of
mechanical camponents and, as a result, largely minimizes failures. Another advantage with CAN is that
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it offers high reliability with no need for special technology, while performing consistent precise work. In
order to understand how CAN interacts with the functidnetectronic control modules, the basic

construction of this piece of equipmeatdiscussed 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 t henfoomatiort carodontral maricudaitpylu nct i on
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 displdyigdrén3.
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 examinesnthst common ECUs and their primary

functions.

Figure 3: Image showing the electrical components assembled to construct an EQLD].

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, thedratiff functions will be examined in
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this section. Internal combustion engine vehicles use the Engine Control Module {&Cbfjtrol engine
functions, such as monitoring and controlling fuel injection, ignition timing (spark ignition engines), and
idle sped. These parameters are regulated by monitoring variables like coolant temperature, air flow,
throttle position, crank shaft position, cam shaft positemd other data measured by various sensors.
Another widely used control module is the Powertrain t@dodule. 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 thiwedf6]. Together these are the mainntol
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 monitorslectric power steering, cruise control, airbag control, and electronic
stability control systemg6]. The Body Control Module isanother module added to vehicles for
controlling windshield wipers, window defrosters, power windows, power door locks, convertible tops,
electronic seats, seat haateand other amenities found in vehicles. The Braking System Control Module
(BSCM), also referred to as the Adutk Brake System (ABS) module, primarilgadsspeed sensors on
the wheels and the brake switch to determine if the system needs to béedctihtogether, 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 vedicbsas
parallel or series hybrid vales, 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. Ae 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 devicessuch as loads, sources, and battery chardeigsire 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. Thiformation helps to protect, manage, monitor, and maintain the battery

pack[11].
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Figure 4: Orion BMS system overview showing the different components that communicate with
the BMS [11].

In addition to a BMS, electric and hybrid vehictegjuire 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 compnents 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), vehiclentrol module communication remains constant
during its operationThe 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 aspecCAN 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 prod{it2]. 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 Layéfithin the Physical Layer, there are three
additonal 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 transmittedThis 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.), bihdyonization, electrical signal definitions, and
transmission medium definitions are all responsibilities carried out by the Physical[Zhyer

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 mtocol. It presents messages received from the Logical Link Control (LLC)
sublayer. The MAC sublayer is additionally responsible for message framing, arbitration,
acknowledgement, error detectjoand signaling. The LLC sublayer filters messages, prouiggeork
overload notifications, and contains the error recovery procefijteFigure 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 Heecomplex systems.
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Figure 5: CAN Layer Architecture for the first two layers [8].

The CAN protocol is a message based protocol, not an address based protozample ef an
address based protocol would be the internet. Whereas, CAN is a message based protocol that sends
messages between networked components.,Tthassages 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 prbperly hear
Once a message has been received, it is each noded
kept and processed. Messages that do not need to be processed are discarded. Since every node receives
the same message, this allows multiple congmts at different nodes to employ the same meg42pe

The CAN protocol is a Carrier 8se Multiple Access (CSMAJolision 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 twoesiddom transmitting a message on the bus
simultaneoush{7]. Network nodes can request additional infororatirom 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 ithe systemThis 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 @ 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 Reportng

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 Atlitr Fields, Control Fields, Data Fields,

CRC Fields, a twbit Acknowledge Field, and an End of Frame. The Arbitration Field is used to
determine message priority. In the CAN protocol, a logical O represents the dominant state. The lower the
number in tle 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 consigtidéritfiers whereas
Extended Frames use -B@ identifiers. The Acknowledge &d indicates if the message was received
correctly by putting a dominant bit on the bus in the ACK posiiti.

The second type of messagetlie 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 istheb#rhitration
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 mggsage

The remaining two Frames are for handling errors. The first error handling Frame is the Error
Frame, and the second is the Overload FraNwdes that detect any protocol errors as defined by the
CAN generated error messagé&verload 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 tifig].

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 clyeakirCAN: 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 ilvregister 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 antsésl 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
immediat, 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 (Ithelftransmitter 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 inival

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 abortedand then resent when the message has priority on the bus. During this time, each node is in
one of three error states: Emactive, ErrorPassive, or Bu®ff. When a node is in an Errdctive
status, the node can be active in bus communication, anck isdttmal operation mode. A node will
remain ErrotActive while the Transmit Error Counter and the Receive Error Counter remain below a
value of 128. As long as the node remains in the Exotive mode, it can transmit Active Error Flags. A
node becomes HEr-Passive when the Transmit Error Counter or Receive Error Counter equals or
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exceeds 128. In ErrdPassive mode, nodes are not allowed to transmit Active Error Flags, but instead
transmit Passiv&rror Flags. PassivError Flags have no effect on the bsmce the error flag is
recessive. When an Err®rassive node transmits a Pasdiveor 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 availablenessage transmission is reattempted. The final node error state is tQéf Busde.

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-Bffsmode. The Buff 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
BusOff node to recover and thereturn to an ErreActive state. Once the node has successfully
recovered, message transmission resufi@s The nature of the response allo@8N 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 funittning 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 steristroict
the communication network. An improperly assembled network may appear to function, but wiirkot
reliably. CAN buses are differential mode buses that use two wires twisted together, referred to as a
twisted pair wire, to communicate. In afiwh 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 groundiglstean 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 utiized. Depending on the application,
specific shield grounding instructions ynaary in order to divert noise properly. At connection pgints
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the wires are not covered in shielding, and exposed distances should be kept as short agldpssible
When wiring a CAN bus, the network also needs to be terminated correctly.

To terminate a CAN bus, two 120 Ohm (q) resist
As previously mentioned, CAN buses can be composed of multiple components. These components are
connected to the network at nodesh&tween the bus terminatigoints. 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 possibleigure 6 shows the correct wiring for a two node CAN bus.

Node 1 | -—-%Rl CAN High H%Ralﬂode 2
8 8

CAN Low

Figure 6: Diagram of a two node CAN bus with either node close to the termination poirjtL1].

When designing a network with more than two nooc
in-between the two termination points. A muitide diagram is shown Rigure 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

lengh can vary based on the desired baud rate.

Node L Node 2 Node n
H%Rl CAN High| < p2
n n
] ]

CAN Low

Figure 7: Diagram of a nodal CAN bus of length n11].

The network baud rate refers to the data transmission rate speed in bits per second. For speeds of
1 Mbit/second, the bus should lapproximately 30 meters in length. Lengths around 100 meters support
data transmission of 500 kbit/second, and a-@fer 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 resistaneeshalild be checked

with all the devices on the network powered off. A properly terminated and setup network will read a
tot al resistance of 60 Ohms reflecting that t her e
it is observed that the ving 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 otioh ghscusses 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
subsequenthhas 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 techniqgues were not meant to re@labke 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 nrecitat
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 subbus for CAN to lower costs for controllingrgpler 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 [ightidg
simple multinetwork vehicle schematic is shown kigure 8. Along with having networks with slower

transmission rates, other companies began seeingdébd 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.
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Figure 8. Schematic showing how LIN is used to contro$econdary vehicle components that do not

require the complexities of CAN[7].

A number of companies condudteneticulous testing on existing network protocols ,(i@AN
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, FlexRaglewalsped 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 automobiles with bandwidths up & Mbit/s [7]. Combined, all
of these techniques reduce the amount of toaffic 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.

18



2.3 On Board Diagnostics

Auto mot i ve control met hods prior t o t he 198006s
mechanical and vacuum actuated control s. With the
diagnostics became complex with the need to comprehensively diagnsgstean with hundreds of
failures. Ear | y ECUOGs controlled engineig., cholard temmpraungd e mi s
manifold pressure, crank position to control spark timing, fuel delivery, and sometixhasiSEGas
Recirculatior). These systems were imple at first with minimal use ofsensors and electronically
controlled componentsHowever, issues with componentmuld createrelatively high vehicle emissions
without adversely affecting vehicle performancedowability. As a result, astomers 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 piwand provide
the technician with flashes of lights to indicate a specific fault or code numbethliee 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 séce manual. Howeverthe codes tess, and procedures were not standardized
among manufacture. The California Air Resources Board (CARB) became aware of these rudimentary
onboard diagnostics capabilities of nHEYbides witaind bel
emissionrelated faults as well as aiding technicians in being able to repair the issues [dailyOBD-I

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

2.3.2 OBD-l

OBD-I was proposedand then adopted in April 1985 with the objective to improve emissions
compliance bycontinuouslymonitoring the emission control systein. particular, the ystem would alert
driver of the needor repairs. OBDI systems were required to run-board tests to identify component
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malfunctions and have a Malfunction Indicator LightlU)1 on the dashboard to notify the driver of an

emissiors related problem. The ML was an amber light with either fi
Soono t hat woul d il luminate when a component fai
assuming that the driver would see them and take their car in for immediate service, redoltwegiriy

the drive time with malfunctioning emission components. @Bequirements were simple and applied

to lightduty vehicles from 1988 through some 1996 models. Emission related inputs monitored the
system for open and short circuits. The componentsved in the system were the ECU, fuel metering,

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

OBD-I ECUO6s were required to store fault codes. Fal
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-108@esented a step

forward in diagnosing vehicle emissions issuesqusinE G Hdwsver OBD-I was limited becausé did

not monitor all emission control system components. Additionally, the -DBigulations did not contain
standardizations, and as a resdifferent connectors had to be used with scan tools to viewdaadéts on

di fferent manu[fl3hcturerdés vehicles

2.3.3 OBD-l

Hence, CARB proposed revisions to-board vehicle diagnostics in 1988 with the goal to
monitor all emissions related components. GBDwvas adopted by CARB after working with the
Environmental Protection Agency (EPA) and the Society of Automotive Engin&E) 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 extensivvehicle changes required by OBID 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 liatiges did not
coincide with the planned vehicle changeovers. As a result, very few manufacturers introducéld OBD
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compliant vehicles in 1994 and 1995. The majority of manufactured vehicles did not becomé OBD
compliant until the 1996 model year. OBDregulations 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 strategpditdming
system, variable valvéiming system, direct ozone reduction system, and the diesel particulate trap.
Additionally, OBD-1l required the standardization of fault codes, scan tool test modes, and parametric

data by all vehicle manufacturef$3].

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

This ensured that that fardbdes and data could be extracted using a generic aftermarket scan
tool similar to Figure 9. The connector, called a Datdnk Connector (DLC), was also standardized to

omit the need for plug adapters between vehicle manufactirgrs
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Figure 10: OBD-II pinout illustrating the different message lineq15].
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OBD-Il 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, OBBI required that vehicles store faubbaes, 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. Consequentlihey all agreed on the Controller Area Network protocol

The use of CAN for OBBI addressed issues associated with the afsdifferent protocols, and
that all vehicles produced during and after 2@@&e required to us€AN as the only protocd]13].
Currently, vehicle manufacturers are exploring the use of wireless telematics to conduct vehicle
prognostics and remote diagnostics. Vehialegpostics allow engineers predict the time when a system
or componentwil fail and notify the consumer appropriately. Electric Vehicle (EV) manufacturer Tesla
Motors is one such company that is currently implementing both prognostics and remote d&goosti
further their product developmenthus, 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 OBBDI regulations, it is evident th@BD-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 sgtems. Hence, the prior discussion of CAN and @BD was desired by
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 alternatigy gabicles 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) EcoHaviks2008 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,
Environmen, Economics, and Ethics.

The first project involving the EcoHawks was a-f&dhale 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 vehigechitecture. 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 12GMD@e
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 pedihe 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 equivalept[@jpgAlong
with providing a project for engineering seniors, the Beetle has additionally been used by previous
graduate students for develog vehicle and battery models, and examining the-wweltheels energy
use of EVs. The lessons learned from developing the VW Beetle, as deigar@ll, were therapplied

to develop a next generation EV for KU.

Figure 11: KU EcoHawks 1974 VW Super Beetle
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The second generation EV produced by the KU EcoHawks was a 1997 GMC Jimmy (aka Chevy
Blazer) referred to as the JimmE(Figure 12). The JimmEV was the focus of the author and will be
covered in detail throughout the remaining sections of this chapter. This section is provided &s sarve
introduction to the project that started in 2010 and was completed in 2013. The-Vims®#s an Azure
Dynamics AC 55 threphase Alternating Current (AC) motor, coupled to an Azure Dynamics DMOC
445 motor controller and inverter. The DMOC 445 is Cédhtrolled 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 (LiFeP{p batteries in series that provide 330 VDC to the controller. The
battey 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 poweretovtteels of the vehicle by directly driving a
drive-shaft through a differential to the rear wheels. In addition to a more advanced powertrain, the
JimmEV has additional amenities that make it comparable to a consumer available EV. The vehicle has
electrc air conditioning components, electric power steering, electric heating elements, tviCDC
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 traditeammotive components.

FIFHH
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Figure 12 KU EcoHawks 1997 JimmEV

The author has worked with the JimrAvEas an undergraduate student from 2011 until 2012, and

then as a graduate student from 2012 until 2015. During this time, the amantration 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 detalil later in this chapter.

Along with producingfull-scale electric vehicles, the EcoHawks have also been involved in
retrofitting existing EVs to improve their range and functionality. During the -20M3l academic year, a
team of EcoHawks retrofitted a Global Electric Motorcar (GEM) with a swappatitery pack. The
GEM can be seen ifrigure 13.Figure 13: GEM Neighborhood EV.The original lead acid pack was
removed and replaced with a detachable LiFgeBa&dtery pack composed of twertyur 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 lewert 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 amirmnggra
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 themer of 2014 to troublshoot and diagnose
BMS issues, and extend the vehicle rarigere 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 hesed 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 velicle is the swappable battery pack. Utilizing modeling, the undergraduate students involved with
this effort predicted that the GEM would require
pre-determined route while employing heavier lemid katteries (420 Ibs). In order to minimize cost and
vehicle weight, students selected 40 lAReP Q, batteriesat a weight of 74 Ibs that can be discharged to a
lower state of charge. The battery pack can easily be swapped with a fully charged batteryitgack if
found that 40 Ah is not sufficientl7]. The team additionally designed the battery storage drawer to
accommodate 70 Ah and 100 Ah batteries. During the upgrading procegsath had to install a BMS
and a new battery charger to maintain the LiFgB@iteries 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. Hene, 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 DCdhed 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
contolled 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, dfigure 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 rebuildtedsin smoother motor operation. After examining
the vehicle powertrain, the next step was to examine how the vehicle was controling the power use

through the BMS.

Management

System Brushed DC
Motor %

Battery Pack

"——"

"  BatteryCharger .

Transmission  Drive Wheél

Figure 14: GEM Powertrain Layout
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WHEEL WHEEL

HALF SHAFT HALF SHAFT
CONTROLLER
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Figure 15. GEM Motor Layout [1§].

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

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

wiring showedthat the team had correctly wired the Orion BMS to the Elcon chargdraahthe network
properly terminated as described in section 2.2.4. However, it was obskeatdde CAN bus modulates

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

CAN bus on the GEM is a simplevd-node networkthis 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 cplitioa would be to put the

motor controller on the CAN bus$owever the controller was not capable of communicating via CAN.

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

Orion BMS Main [-0 Cornector

Lacate 128 Ohm resistor physically near cornectar
C5 cen I“T” Pin 19 (CANL Low)
LT RL
04 B 128 Ohm
8o
Plug into CANdapter Pin 18 <(CANL High)
et P 03 CAN High (Cable must be tuisted pair) ' +d
LT
Oo—7r
E O+— ¢CAN1 [nterface on Orion BMS has
6 N has internal 128 ohm resistor)
1
\_.’”ﬁ

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 thegtery pack using the BMS utilityt was
observed thaunder heavy acceleration, the motor would draw over 100 Amps from the battery pack,
subsequently reducing the capacity of the batteries due to excesgmgS[19]. This number varied
based on the amount the accelerator pedal was depressedntiddsiced 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 signifiant 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 #rmostats to monitor cell temperature. The BMS usegpmgrammed 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 ggsticesses. 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 theogr@mmed values.

Using the measured cell voltages, pack current, and additional programmed values in the battery pack
profile, t he BMS calcul at es t he individual cell o
calculations then all ow t h eate Bf\8alth (8OH)remchStatecof Chdargee b a't
(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 wer 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 diffeent 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 ENpmgnt 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 ad reliable in EV applications as CAbased 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.elHéme 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 cuent.

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

29



0%, and 5 VDC would be 100% with respect to the maximumeatdimit. 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 eqpped with a 5 VDC potentiometer accelerator peéfdure 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 metioa simple on/off function, this

method appeared to be the better choice for current limiting the battery pack.
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PEDAL PEDAL SUPPLY SIGNAL I
L GROUND SIGNAL @3vorr) (ONIOFF) |

L] I 7 Y 3
|
} )
.| |
13 ] 13} 18 18
0GVT BKNT WINT | CRYL CR3K
DJ 3 KJ 6 4
£ SWITCH-
! ACCELERATOR
! PEDAL
| ey o

Figure 17: GEM potentiometeraccelerator pedal schematic [19].

Upon attempting to substitute the BMS 5 VDC
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 probliimthe 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 thmotor 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 conditiansl the prgorogrammed 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 catactor 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 cutrdimiting 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 nthod, an additional relay was needed. The selected relay was a reed relay
sourced from DigKey, part number 722033ND (Figure 18). The relay was itially installed in series
with the accelerator pedal voltage supply, but another fault code was displayed identifying accelerator
pedal wiring. In order to use this methadccessfully a motor controller input wire would have to be

interrupted without ipping a vehicle fault code.

Figure 18 Digi-Key Reed Relay #728.033ND [2Q].
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Fortunately, the start switch signal that was wired to the accelerator pedal provided the desired
results. From the wiring diagram presentedFigure 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. Theirglag edared
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. Theviching side of the relay was wired into the start signal switch wire
circuit. The revised pedal schematic is presentedrigure 19, On the coil sideof the relay, it was
i mportant that current into the BMS did not &excee

126.3 mA, well below the current limit into the BMS.
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Figure 19: GEM Revised Accelerator PedalSchematt with the BMS current liming by toggling a
relay on/off [18].
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Upon testing the relay, the system functidras 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 numerowgmails 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 wouldrrdébaltuser
having drivability issues. Ewert Energy and the author then collaborated to develop and beta test updated
BMS software (seéigure 20) thatwould 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.rHbweterent
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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"g:‘} Profile Setup Wizard " Connect To BMS

General Settings | Cell Settings | SOC Settinas | CANBUS Settings | Addon Settings
Charge Limits | Discharge Limits | Relays | Thermal Settings | Fault Settings

Charger Safety | Charge Enable | Discharge Enable
DISABLED DISABLED ENABLED

Enable discharge enable relay output
() Trip relay off only when discharge current limit hits 0 amps

e TP relay off if discharge current limit hits 0 amps

2o
" OR pack current exceeds discharge current limit by: 10

Allow relay to turn back on after 1 second(s) if:
[ ] pischarge current limit is above 10 5| Amps
[ ] state of charge goes above 03 %
[ ] Require READY power (Main I/O Pin 2) to turn relay output on.

] Turn relay off if both CHARGE and READY power are both
energized (charge interlock condition).

Other Options
@ Minimum time relays are off (seconds) 15

Help

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 depletedripaiteek to a fully charged battery pack, it
should take approximately four hour s based on th
charging cycles, it was observed that the SOC went from 20% to 100% in under an hour. Upon this
observation, itvas 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 theicated 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 guidethe user through the initial setup process usingpprgrammed 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 progidimecoompared 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 paramete the BMS reprogrammed 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 theCSgettings. 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 moitors 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 SO@ bas€oulomb counting. When
discrepancies are found, the BMS causes the calculated SOC to drift towards the correct SOC using
specified voltage drift points. This drift allowhe SOC to be adjusted over tirtteat results in advanced
system warnings and aids system oscillationf21]. Figure 21 shows the original voltage drift settings,

andFigure 22 shows the voltage drift settjs after resetting the BMS.
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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 gradebo allow the vehicle to climb steep hills, the current limit was set to the
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used in the undergraduat e Fgara2d).eFmomahe route and elevdtiond e si g
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 ran§j)6 ofiles 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 abilty to monitor battery pack data via CAN bus

significantly aided the diampstics process, subsequently improving vehicle range.
' n i - W
¥ =

Figure 23: Drive Cycle Routeshown on Google Maps.
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Figure 24: GEM Drive Cycle Elevation Profile. Elevation was calculatedusing

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

Being able to utiize 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 aliity 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 entrexceeded 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 GEMrahge EV was increased
resulting in a gccessful 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 Jimvhibtroduces multhode mtworks. The next section is

dedicated to the design and installation of a amadtie CAN bus in a fulscale electric vehicle.
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2.4.2 EcoHawks 1997 GMC Jimmy KU EV 2.0
The purpose of this proje to demonstrate the use of engineering principles ieraim develop
an innovative alternative energy vehicle as opposed to a vehicle that runs-oenemable fossil fuels.
By taking lessons learned from the VW Beetle EV conversion, the JiMimdpresents an EV that a
consumer coul d pur otikeansaket. e vehioled chgsen sfor theu dorversion was a
1997 GMC Jimmy with a 4.3 L siylinder engine. The engine was coupled to a-$igeed automatic
transmission with fouwheel drive. Due to the majority afport utility vehicles on the roads inettunited
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 reliftgi and die to the potential high voltage hazards in electric
vehicles, this is a desired feature. The Jimwh& s main features include an
motor, a motor controller, a lithium iron phosphate (LiFgPhRigh voltage battery pack, aglectric air
conditioning compressor, an electric power steering pump, and a standard automotive 12 VDC system to
run interior featuresThe focus of this section is the establishment of the vehicle CAN bus, covering why
it was needed, the network architee, 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 vehiclebs CAN bus
In comparison to the originabMC Jimmy, the JimmE/ powertrain is simpler and contains far
less components. The AC motor, installed in the front of the vehicle, directly transfers power to a
driveshaft t hat is coupled t oFigurb2b Frore the differerdiad, r ear
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
systemds bearings and t he differential. Wher eas,
transmissin, transfer case for fowvheel drive operation, and the rear differential. Each pair of gears

used to transfer power are-93% efficient, with bearings and joints-98% efficient[23]. Further losses
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can be found in the vehiclebs torque <converter or

the simplified EV powertrain does not contain those components.
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Figure 25: JimmE-V powertrain layout

Providing power to the motor is accomplished through 104 CALB LirdbDeries connected in
series. Each cell in the battery pack is 3.30 Vlninaland has a capacity of 100 Ah. Due to the size of
the battery pack, the pack was splibitwo 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 & gossible to
l ower the wvehicleds center of mass and still pro
Additional safety measures such as fuses and contactors were also installed, and will be covered in detail
in Chapter3 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 controllen 8zure Dynamics DMOC445 controller
and inverter. The inverter is necessary to convert the @@&psupplyfrom the batteriesnto AC power

for the thregphase 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 cktail in this section, and operation and calibration will be coveré&hapter3 of this thesis

The JimmEV also features an Elithion Lithiumate Pro BMS to maintainlithexm battery cells.

As previously discussed, the BMS helps regulate battery phakging and discharging based pre

programmed limits. The BMS used in the JimiviEs also capable of communicating via CAN bus

however the selected Azure controller is not compatible with the Elithion BM&e BMS can
communicate battery SOC informato vi a CAN bus to a display Il ocated
power disconnect contactors. Charging the battery pack is accomplished through a Manzanita Micro PFC

20 device The charger is controlleda the BMS usingAC and DC relays. Since this siect is focused

on how the vehicle powertrain and CAN bus funajofurther 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 motolaydisba flatter efficiency
curve over the motords operating range. The ACS55
trucks and van$22]. The motor was then paired with Azureds
controller, as well as an inverter to transform the DC power into AC power. A system schematic is
presented irFigure 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 aukary 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 schematif24].

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 pr ogr ammeedutiity ccShelLhFeomc ont r o
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-nugde network to allow the addition of other
components inhe future. The CAN bus was wired to thepif 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 thgiB5connector thiais 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 tempetare of the AC55 motor[24]. The three different wiring terminals for the

DMOC445 are shown ifrigure 27.
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Figure 27: DMOCA445 connectionterminals. The &pin teminal for vehicle communication is on the
left, the 35pin interface terminal is in the middle, and the 14pin 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 contrallese as seen ifigure 28. The 12 VDC
connection is accomplished through the-pg@d connector terminal on pin 9. The 12 VDC power is

controlled by the ECU that isstiussed later in this section.

Figure 28 High voltage connections for the DMOC44%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 redime data. The internal contactorsllvengage 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 38in terminal on the controller (pin 35). The shift knob will bevex@d
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 needdo be programmed.

Once inttially 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 needhave the same baud rate. The programmed baud for the
ECU and DMOC is 500 kbits/second. In ccShell (use discussed later), the variable EEXCANBIitS
specifies the current baud rate. With the baud rate adjusted to 500 kbits/second, the ECU and motor
controler 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 (TSegl + 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 frequentlgdubaud rates, and the timing
options for the designed 500 kbits/second baud rate are provideblal. Either of the twebit 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 CAramters. 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 orcontroller.

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

CAN Baud Rate DMOC Clock =
EEXCANBItS Baud Rate EEXCANTSegl | EEXCANTSeg2
500 80 13 6
500 80 5 2
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In addition to properly setting up the CAN parameters, the controller hasnbtibite State
Machines (FSM) to control operation modes. These varialaasbe 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
stake. 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 theclpaegeof 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 swiches. ISR2PowerStageState is the variable that reflects the status of the powerstage FSM. Once
the vehicle has gone through the stgritsequence of checking the discussed parameters and requirements
for operation, this variable wil display READY in cc8hreflecting 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 her e to provide b ac k g r-upuseqiiencé nWithv re d g e
undersanding on how the controller initializes its stapg 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 controling 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 fronthe previous research was thte JiImmEV could not operate with just
a potentiometer accelerator pedsimilar to the Beetle EV)as the 201G 2011 team had planned. The
analog signal produced from the potentiometer would not work as an input for the motor controller
because the cdmoller requires a digital CAN input. The solution was to locate a pedal that could
communicate via CAN. Extensive searching conclutteat there are no pedals that communicate using
CAN. However, a company called New Eagle offered a solution. New Eagléedrand programmed an
ECU specifically for the JimmE/ architecture. The EQ 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 E® installation wascompeted 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 alwilierg connections to the ECU,
Smartcraftconnection junction, accelerator pedal, and the Azure DMOC445; as sédguiie 29. An

enlarged view of some of the smaller components can be sé&duiie 30.
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Figure 29: The New Eagle ECM system schematic showing the larger components.
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Figure 30: An enlarged view of howthe accelerator pedal, brake light, ignition switch, and the five

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

The New Eagle EM operates on a 13@in platform, and has three terminals labeled A, B, and C
respectively, as indicateid Figure 31. The provided New Eagle wiring schematic has all the needed pins
labeled, as seen iigure 29. Initially, the connections in theviring schematic for the ECMvere 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 deigarim31.

Here is how to interpret the ECM labeling:-(B) CAN1H represents ora 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 exampleepresents one of three CAN high inputs. The ECM has two
recommended gauges for wiring. The smaller pins on the ECM ugaw@ wires and the larger pins use

18-gauge wire.
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PIN 1A(C)

PIN 1A (B) PIN 1A (A)

PIN 1A (B)

=8

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

PinCl(B)

=1

shows a close up of terminal B, pin C125].

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 signdlrom the pedal and converisinto a digital CAN command message in the form of a
torque request. The motor controller is then able to read the command message andheperater
according to the message receivéiure 32 shows the accelerator pedal and the dual potentiometer
pedal 6s p o sThd P0422013s JEmmEVO team leader, Kevin Helton, was responsible for
designing and installing ardicket to accommodate the irregular dimensions of the accelerator Pphdal.

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

4 B
g
L ﬂ‘. SR P

Figure 32 The New Eagle dual potentiomefer pedal.

Another important part of the New Eagle ECM system is thedoastion switch. This switch
acsasthevehicis fAshifter. o Each position on the switch
standard automatic transmission (neutral, revers&, plaive, and low) Despite having the standard drive

functions on the shifter,he AC motor in the Jimmi is a direct drive motor without a transmission
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Consequentlythe JimmEV only has three driving positions (forward, neutral, and revefsgire 33
shows the New Eagle schematic for the -fiasition switch.After initially testing the systemthe switch
position was changed by switching theutial and park positions. Switching these positions resulted in a

similar shifterpresentin a standard vehicle (park, reverse, neutral, drive, low).

Neutral (Pos 1)

J{/Z, Reverse (Pos 2)
o Park (Pos 3)

5 Way Switch o——+— Drive (Pos 4)
O—_Low (Pos 5)

Figure 33 The New Eagle fiveposition switch schematic showing the differendrive positions.
Initially there was a problem discovered while examining the New Eagle system schematic. In
Figure 30 by the brakdight symbol, NewEagle specified that a resistor network be implemented to limit
the voltage going from the brake light (12 VDC when the brake pedal is depressed) toUhze EO
more than 4 VDC. They recommended the use of a voltage divider. A voltage divider isytypsgall
resistors set up in series or paradled provides an output voltage that is fractional to the input voltage.

The most typical voltage divider is a Wheatstone Bridge, as sd€guire 34.

Figure 34: A typical Wheatstone Bridge voltage divider[26].

However, there is an issue with using a voltage dividerl2 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 lowe(under load).Therefore, wherthe batteryvoltage 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 candfxdt

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 regulatsed in the Jimmi 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.
voltage regulator was installed under the hood of the JiWnideated on the driver side wheel well. The
wiring is part of the wire loom that runs from the ECU to the accelerator peidate 36 shows the

location of the voltage regulator under the hood of the JifvinE

Figure 35: AnyVolt M icro Voltage Regulator and breakout board. Voltage adjustments are made

via a potentiometer screw on the regulatof27].
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AnyVoltVoltage Regulator

Figure 36. The voltage regulator is locatedunder the hood of the JimmE-V on top of the driver side

wheel well.

The relays and fuses in New Eagle EGystem may be the simplest, but they are the most
important. The New Eagle system uses relays and fuses in order to provide overcurrent proteitt@n f
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 motorrakart The selected relays are five terminal
relays rated at 4@ of current. The relays plug into terminals with wire leaBgure 37) to allow eag

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 JimmEV 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 isAaf@8e for the battery, as seenFigure38. There
is also one smaller 10A fuse to protect the motor controllef.hese elays and fuses alimexpensive
safeguards that wil protect expensive components from excess electrical @medamageThe final
component in the New Eagle system is the Smartcraft connector. The Smartcraft connector allows the
establishment of aehicle CAN bus allowing communicatiorbetween 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 JifminE CAN bus. (.
through this bus that several critical components communiéatee Dynamisd motor controller, New
Eagle ECU, and the laptop for monitoring and programming the ECU. The easiest way to visualize the
JmmEVés communication network is to compare it witt
messages over the bus (or phome) as long as they are located anywherébetween the two
terminating resistors. The Smartcraft connector consists of multiple junctions on the butheand
termination resistor occupies one of the terminals
The Smartcraft connection junction allowsultiple devices to connecat one central location.
Originally, the Smartcraft connector was under the hood of the Jivimé&xt to the ECM. However
Minivew CAN gauge and computetan connect tothis junction box. New Eagle programmed the
Miniview gaugeto display accelerator pedal position as a percent vadheding the torque request from
the ECU. However, the gauge has a short coréttachto the connection terminal. The Smartcraft
connectoralsoal | ows a computer to ddonoht@ancGAN data and menitovtieeh i c | e €
ECU. TheJmmEVYés gl ove box offered aliltycte thi$ metawdrk junctianat i on t |
The Smartcraft connector has six terminal pockets, and each pocket has ten pins afigaen in
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 seefigure 40. There is no Pin | beca
a one, or the imaginary number symbol i 0he Becaus
Smartcraft connector is an ideal junction to connect other components to the CAMsbpeviously
mentioned, communication via CAN bus allows fast and reliable transmission of data. However, the first
ECU installed in the Jimm did not allow the useto calibrate the ECU easily. In order to tailor the

system for future research, another option was needed.
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Figure 40: The Smartcraft connector has ten pins labeled A (omitting I). Pin A shows the same

data on each terminal.

Initially, New Eagle supplied an ECU that was not capable oftirealcalibrations. This was not
desirable becausengime parameters needed to be changed, New Eagle had to change them and then
send an updated version of the ECU cddpgon receiving the new version of the code, the ECU had to be
re-programmed. To correct thig, different ECU was purchased through NeaglEin the spring of 2013
to allow realtime calibratbn, which is desirable from a researcbrgpectve.T he t wo ECU®O6s phy:
look the same, but there is internal hardware in the new ECU that allows the transmissioftiroereal
data, and to instagtireprogram 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 harnespkg tback in without further
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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 andalibrate the systens a highly desirable feature. Without the foundation research on CAN
bus features this system would not have been developéd toll 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 functicesigaedi. 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 alde that monitors the device connection state
(I SR2DeviceConnect St ate). As mentioned, these wvar.i
utility. I nitially, | SR2DeviceConnect St at e was di
Controlled Application User Manual, it was identified that the motor controller was offline. With the
controller of fline, no CAN Il i nk was established.
message that would be similar to a phone ringing waiting for amgyetince 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 compwnts 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 A10 to a 2. 0A2Nheént hde
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 ment
and upon depr es s ieratgr pedhl ehe matoh roatedetbeswheels &Vihout 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 andEkbtHawks, CAN bus has
played a vital role in the diagnostics and operation of the vehicles. With the network initially set up and

programmed, redalme calibration delivers instant results that wil aid in future vehicle research.

2.5 Conclusions

Vehicles in use during the earl@1® century are composed of networks of complex control
modules as consumer demand for technology in vehmtgginues to increaseFrom safety features
including air bags and arltick brakes to engine and transmission contmoks, theseelementsare
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 commueation. This is achieved through a Cwooller 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 cdcatng) data between
different control modules onboard vehicles. Using CAN, automotive emission systems can be monitored
and diagnosed. Because of the success of CAN in combistimd vehicles, the protocol found an
additional niche in electric and hytrvehicles.

However, CAN is a difficult concept to initially understand. Through the implementation of CAN
bus technology in smadicale networks, further insight can be gained. Both of the KU EcoHawks projects
to implement a CAN bus demonstrated relialdnd efficient operation. The GEM and JimiviE
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 JimmEV was designed and constructed to serve as a research vehicle for the University of
Kansas. The JimmE has amenities that make it similar to electric vehicles available to the consumer
such as, electric power steering, heat, and air conditioning. Conglgquteis 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, beirg able to view and calibrate powertrain control parameters intimeal 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 elecichv c | e s . The author és
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 aation. 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 JmmE is to demonstrate the use of engineering principles in the
development of an innovative alternative energy vehicle. The Jivinigka GMC Jimmy or Chevy
Blazer) full scale Electric Vehicle conversion project was started by the KU EcoHawks in 2010 and was
completed in 2013Fjgure 41). Further project background is provided in Chapter 2 of this thesis with
this chapter providing an operation and overview in order tdopg 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.
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Figure 41 JimmE-V full -scale electric vehicleeonversion.

Before operating or performing maintenance on the JifvinBne should ensure that necessary
precautions have been taken to mitigate High Voltage (hddards. The JimmKE 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, recklaces, bracelets, etc.) before working on any part of the JwnvEhile 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 sockathes 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
individual 6s safety wiviHRakre tv ®mpekate rihg batterids twithih ther safei mmE
design paramters 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/Jirtlings
lithium iron phosphate (LiFePfp batteries that dwve 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 withhbpérsonnel 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 tohing 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 thicalesource 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 soukgure 42 shows the proper safety tools for
working on Electric and Hybrid Vehicles. The rescue hook is-cmrducting and can be used to pull
personnel of f an electrical power source. The f ace

face in the event of a short circuit. The rubber gloves provide additional high voltage isolation.

N\

Figure 42: Electrical hook, isolating gloves, facemask, and other proper safety tools for working on

Hybrid and Electric Vehicles.
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The highvoltage 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. Heldsion can be manually checked with a
mul timeter set on the O6continuityéd setting. Pl ace
remaining probe on the vehicle chassis or a ground wire. If properly isolated, continuity should not exist.
Along with electrical hazards, the JImmE should be treated like any other automobile.

The JimmEV is a midsized Sport Utility Vehicle (SUV) with a weight of 4400 Ibs. This is a
significant amount of mass that has potential to damage vehicles, buildingsdiddumls. While
operating the Jimmi& al ways wear a seat belt, and do not 0p
license and automotive insurance. Additionally, since the Jiwnik an electric vehicle, it is inherently
quieter than a traditional taele. 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 wil be provided to illustrate the key featurésealimmegyV.

3.3 Vehicle Overview

The JimmEV is a Battery Electric Vehicle (BEV) that utiizes 104 lithium iron phosphate
(LiFePQ,) 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 lgeWwias initially a police impound vehicle that
was involved in an accident. Consequently, t he velt
inspection the frame was twisted and not suitable for use. The-Zt0 JiImmEV (EcoHawks) team
sourcel 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 addtiban extra leaf in the rear leaf springs. The rear
brakes on the vehicle were converted from drum to disc brakes, and thephiaeee AC motor was
installed in the front of the vehicle. To connect the motor to the rear differential, a custom driveshaft
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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 mof{@]. With the removal -findetilmanalv ehi cl
combustion engine (ICE), vehicle amesstineeded 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 emunt for the loss of the vehicle ICE, the Jimivieatures an electric power
steering pump from a Toyota MR2, an-eéctric air conditioning compressor, and an electric vacuum
pump for the brake booster. It should be noted that in both cases of thentCEV, these systems are
parasitic losses. In the case of the JimwEhe 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 12DC battery is charged through a EIGC 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 vehiclebds motor. Therstandard | i ar y
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 is composed of 104 LiFeR(hatteries. These batteriegere
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 wittecycled 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 chacyigcrarging,
an Elithion Lithiummate Pro BMS has been programmed with limits specific to the Jvhamplication.

This BMS uses cell boards to monitor the individual cell and overall pack status. In addition to the BMS,
there are additional safety featsr 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 Jimm¥ serves as both a motor controller and inveridre inverter
is necessary to convert the DC power into thphase AC power for the motor. The motor and controller
models are the Azure Dynamics AC55 and DMOCA445 respectively. The controller is CAN controlled and
requires the use of an ECU to function.apter 2 of this thesis contains further information regarding
CAN and ECUs. For research purposes, several components in the-¥irareEcapable of data logging.
The motor controller, ECU, and BMS can each individually log events and different data gasamet
From a research perspective, the Jimvhis a desirable research platform due to access for all of the
vehicleds component s. With a brief wvehicle outline
further detail. While the focus of the hot was the motor, controller, and ECU, since these systems

require a comprehensive vehicle understanding, the vehicle chassis wil be discussed next.

3.4 Vehicle Chassis

The chassis of the JImm¥ is the foundation that supports all of the vehicle systeRtom 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-Vifnere is a fully boxed
ladder frame. The thick walls of the tubularusture 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 nec¢28aryrhe completed vehicle
chassis is shown ifrigure 41. To ensure that the converted JimiviBvould be able to handle the
additional battery weight, modifications were performed on the stock suspension. Monroe Max Air shock
absorbers were addedrfturther adjustability, and have a pressure operating range frebd@@si. 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 lalecassierneath the rear of the

vehicle above the differentiaFigure 43).
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Air Pressure Valve

Figure 43: Air suspension adjustment valve location. The valvés 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 Ibs of suspension support over the ed@2ax|

Al ong with modifying the vehiclebds suspension, br :

safely decelerate under both normal and emergency situations.

mmE-V chassis[22].

iure 44 Completed Ji
Braking within the JimmB/ 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 #xe,rear factory drum brakes were
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converted to disc brakes. Upon completion of this conversion, the Jvhhds a full disc brake system.
In order to understand how the braking system functions, the system operation will be discussed.
Automotive braking gstems apply hydraulic fluid pressure to actuate pistons. These pistons
apply pressure to a highiction material (i.e., brake pads) that contacts the braking surface (i.e., brake
rotor). To assist the driver with braking, an engine vacuum is appliecbtaka booster to multiply the
vehicl eds [B.rHokevan gincé ther eaghe was removed for the Jilwha&nversion, there is
no vacuum souke for brake booster. To account for the vacuum loss, an electric vacuum pump was
i mpl emented t o ensure that the vehiclebs braking
automatically when the brake pedal is depressed. When the brake pedal is etigage®, an audible
noise from the vacuum pump that was installed under the hood of the JifimEe right of the master
cylinder and brake booster. The master cylinder and brake booster are sh&ignrind5, and the

electric vacuum pump is shown Higure 46.

Master Cylinder Brake Booster

Figure 45: JimmE-V master cylinder and brake booster.
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Vacuum Pump

\
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-@ray check valve, and 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 showhigare 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 tactu
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 Jimm¥, the pump mg 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 oiveay 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 elds the 12 VDC battery. When parking the JimiMEor in an

emergency, another curtail component to the braking system is the vehicle park brake.
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Figure 47. Vacuum brake assistsystem schematic

The park brake holds the JimmEIn place while not being driven or parked on a hil. Vehicle
park brake systems are often mechanical systems consisting of levers and cables. Th¥ biasrd
park brake pedal located to the left of the brake pdeglife 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 iendaged position. In the event of an emergency, the
park brake wil 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 JimisEn Antilock Brake
System (ABS) control module. The ABS module was instalidgue 49), but does not function due to a
high degree of difficulty required to set up and program thé&sysThe 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 JimrMEis a research vehicle, the expansion and research involved with
this componentllows for further development. Along with knowing how the brake system operates, it is

also important to know how to maintain the brake system.

Park Brake
Release

Park Brake
Pedal

Brake Pedal Accelerator Pedal

Figure 48 JimmE-V pedal layout including the braking system

Figure 49: The Bosch fourchannel 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 avehieldo s braking system is concentrated i
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 sypstand 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 onthe master cylinder. Take caution to not overfil 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 cositeenbrake pads. When the brake pads
wear out, there is a metal indicator tab that wil 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 oha JimmEV chassis include the tires and the rear differential. The
tires on the Jmm&/ have a maximum inflation pressure of 50 psi. Varying tire pressure can affect the
vehicle range. Higher pressure favors lower rolling resistance, but decreasese thestir c ont act ar e
the road. Additionally, maintaining proper tire pressure will ensure that the tires wear properly and last
longer. The proper tire pressure for the JimwhEs between 35 and 40 psi. When the tires need to be
replaced, it is importanto select the proper size of tir€igure 50 shows the sidewall of a tire on the
JimmEV. 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 aspec
se¢ ion to the tire width. The | ar gg9. Farilmainteaasce e c t ré
purposes, replacement tires should have an aspextofai5. The last factor to consider when replacing
the tires on the Jmmk is wheel diameter. The wheel diameter indicates the size of the wheel that the

tire is intended to fit. The wheels on the Jimivikare 17 inch tires and should be the only typ¢aifesi
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on the JimmEV. 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.

Tire Aspect Wheel
Width Ratio Diameter

Figure 50: The tire size is indicated on the sidewalbf 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. Thisassragc! i shed through a vehi
with the JImmEV 6 s v e Figuie 6lrhavingha final drive ratio of 3.082]. 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 mabdrver 6s pe.
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
JimmEV differential be serviced ever$0,000 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
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chassis maintenance section. Next, the motor characteristics and maintenanceneeatgiingill be

examined.

-

l 4 \
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 ACInduction Motor

A motor is a means to convert electrical energy into mechanical efigdhy Motors have a
variety of appt at i ons in todaydés industry from automotive
pitch and yaw motors in wind turbines. Electric motors utilize one of two types of power, alternating
current (AC) and direct current (DC). The Jim#aEutiizes an AC induction motor Before discussing
the specific motor in the JimmE/, the theory behind AC induction motors will beviewed

The theory of AC motors is the same as AC generators. They are built the sarti@atedlgws
them to act as a motor orgenerator. Induction motors are the most gwnly used electrical machines
becausehey are cheaper, more durable, and generally easier to maintain when compared to other motors
available. When an AC current is run througimding coils, the coils produca 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 [Ectromotive Force (EMF). The EMF applies a torque to the ritat results in a

change in otor speed and causes rotat{@®]. 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 slowingicibedosim.

The motor selected for the JImmE was the Azure Dynamics6é ACS55
specifications provided inTable 2. The AC55 was chosen due to thevdritrain 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 thmotor could result in damage to the gears in the transmi§2in

Table 2: Azure Dynamics AC55motor and DMOc445 controller ecifications [24].

Peak Torque 280 Nm
Continuous Torque at Nominal Speed 140 Nm
Nominal Speed 2000 rpm
Maximum Mechanical Speed 8000 rpm
Maximum Current 250 Arms
Continuous Shaft Power at 15@600 rpm 25 kw
At a voltage off 312 VDC
Peak Efficiency 87 %
At a voltage off 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 2018011 JimmEV team fabricated a steel plate to mount the motor in
between the frame rails as shownrFigure 52. This location was dasible to keep the mass of the motor
low and centered, resulting in increased handling performance. Additionally, this location resulted in
simple driveshaft routing. Additional driveshaft 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 threephase 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 sewsomunication harness. This harness is
responsible for relaying the encoder and motor temperature signals to the controller. These connections
are illustrated irFigure 53.

To HV Junction Box

14 Pin
Terminal

+ - CBA

DMOC445

Output
Shaft

Encoder
Three-Phase

Cable
and
Shielding

Figure 53 Motor wiring schematic for the Azure Dynamics AC55 motot

e

To connect the threphase cables to the controller, the access cover has four Philips 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 fastertimg terminals to the proper electrical post on the
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controller. Each threp hase wire s |l abel ed A, B, and CO resp
labeled terminal as illustrated Rigure 54. The shielding for the thregghase cables is grounded through
the controller chassis. A cord grip provides support for the {binese cables, and the large fastening nut

grounds the shielding to the controller frarfig(re 55).

Figure 55: The shielding is grounded through thecontroller chassis by fastening the large nut on

the cord grip.

The final connection for the motor is the wire harness that couples with thia ténnector on
the DMOC445 motor controllefThis cable originates at the front of the motor, and relaysdemcand

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 mistted. There are locking tabs on each harness connection to

keep the terminals secured to the controller.

L
by

i

Figure 56. Motor encoder hamess connected to the 1gin connector on the DMOC445,

Overall, AC induction motors require minimal m
a reputation of rough (i.e., Ajumpyo) starts. The
motor. At low motor speeds, the encoder relays the megeed to the controller. Once the motor is above
1000 rpm, the controller uses the thpease power data for motor speed. In the event encoder
modjifications are desired, the encoder is located on the front of the AC55 motor (side opposite of the
drive-shaft) as shown irFigure 57. The encoder can be accessed without requiring motor removal by
turning the steering wheel all the way to the right. This allows the mtekrkages to move away from
the encoder cover allowing it to be remové&igure 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 Azurebs DMOC445 motor <controller and

discussion
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Figure 58 Exposed AC55 encoder.

3.5.2 JimmE-V Motor Controller & Inverter

Chapter 2 covers the theory behind how the CAN cdattrddMOC445 (DMOC) operates. This
section will be focused on the setup, operation, and maintenance of the Azure Dynamics DMOC445
inverter and controllerRigure 59). Before interfacing with the DMOC it is important to understand how

the controller is installed in the JImMME
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Figure 59: The Azure Dynamics DMOC445 AC motor contoller 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
eachcorner of the DMOC Kigure 60). The mounts are fastened to the polycarbonate platform under the
hood of the JimmE&/; however, the controller can be removed by only oeing the nuts located at each
corner. The controller chassis is additionally grounded to the vehicle using a ground strap on one of the
controllerds <corners. The different pin connector
however, to furter understand how the controller operates, theiB5nterface terminal and the@n

communication terminal will be discussed next.
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Figure 60: The DMOC has four vibration isolating mounts located at each comer of theontroller.

The 8pin communication terminal on the DMOC is responsible for communicating with the
ECU via CAN bus, and communicating with a laptop viaZ32. The 35din connector allows the ECU
to interface with different control aspects with the DMOQnly the used pin connections wil be
discussed; for a full description of all the pins available on the DMOC, see the Azure user manual.

As previously mentioned, the-@n connector is responsible for transmitting and receiving
communication informatiorfrom the ECU and laptop. The pins used in the JirWnBpplication are
shown inTable 3. The pin nhumbering is indicated on the connector with pin 1 at the top leflimi@at
the bottom right. The first three pins are for-B®& 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 communicatioground used for shielding, and pin 8 is connected to the
vehiclebs ¢ has s i s-pingonaestiord is respdmsible efor ¢omraunic8tion, thepiB5
connector allows multiple components to interact with the controller.

Table 3: DMOCA445 8-pin connectiors used on the JimmEV [24].

Pin # Function
1 RS232 Tx

RS-232 Rx

Communication Gnd
CAN High

Communication Gnd
CAN Low
Chassis Gnd

| (01|~ [|W([N
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The 35pin 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 controlleogierate, both 12 VDC and HV need to be present.
Additionally, in the event of an emergency situat
ignition switch. By removing the 12 VDC power, the controller immediately shuts down. The pins used in
the JImEV application are shown ifiable4. 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 connectibshould 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 withfurther system diagnostics. The remaining pins interface with the BMS and ECU to

ensure that the controller is not exceeding design parameters.

Table 4: DMOC445 35pin connections used on the Jimmg/ [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 3&n connector communicate with the BMS through eiptdators (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 igaitll, the BMS completes the regen disable
circuit teling 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 dries enab
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 i s emancpntaetdrsewil engadgee indiath@ © Ghe driven 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 (Sext®nFor
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 #itey 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 wil 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 viaZ33 communication. Communicating with the DMOC over
RS232 will be the next area of discussion.

Communicatig with the DMOC via R®32 communication allows the operators to change
controller parameters in retiine in addition to viewing, monitoring, and logging data. Before
communication with the controller is established, it is important to understand whemenmect the
controller to the computer since multiple components can be hooked up and monitored simultaneously
while the JimmEV is operating.

The RS232 communication from the DMOC ends in a BBconnector. In order to adapt the
DB-9 connection to a medn computer connection, the ATEN USB to-R® converter is implemented
(Figure 61). The DMOC and ECU USB cords are located in the glove box of the J¥hnithis adapter
allows the user to connect the controller to a laptop when a serial terminal is not available. Tthisisdap
also used with the Elithion BMS (Section 3.6.2). The BMS is capable ofcanfiguring 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 USBtps used, the COM port settings wil need to be altered
for the specific component. The DMOCFigare&as. The r t i s
BMS uses COMport 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 establismuwioation with the controller.
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Figure 62 Connect the DMOC USB cord to COM 6 on the vehicle's laptop. COM 8 issed for the
Elithion BMS.

Communicating wi th t he DMOC i s accomplished
Before parameters can be viewed, altered, or logged the proper communication port needs to be selected
since the DMOC cannot autmnfigure COM ports. Once a COM port has been established it can be used
subsequent times without having to-agtablish 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 shortcateskttpe

screen. The taskbar and shortcut options are showigume 63.
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Azure’s ccShell Software
Figure 63: ccShell can be opened from the desktop shortcut aaskbar 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 showkigoure 64. In order to change the COM port
settings the configuration menu at the top of the ccShell window needs to be sél@ntiesl65 shows
the different options available in the configuration menu. The first option is used to change COM port
settings, while the autsave option allows the user to select which port is saved as the default COM port.

Configuration | Status

COM port selected is: COMS,

Figure 64: The current COM port selection is displayed in the bottom left of the ccShell window.

File Tools [Configuration Help

Com Configuration

Auto-Save Options »

Figure 65: The configuration menu is used to alter the current COM port settings.
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In order to change the COM pasettings, select the Com Configuration option. Once this option
is selected, an additional window will open prompting the user to select the seridfigore 66). Once

the new COM port has been selected, clicking OK returns the user to the main ccShell window.

Com Port

Select Serial port., ..

COM1 w

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
fle menu. The program should default to the fileds
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 foradifying 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
variabl e, the data type, l engt h, a Mk .coesfileefor ¢he i t i s
JimmEV DMOCA445 is named CND3FB-302A003-0024.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 diffene 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

succesfully opened.

X3 ccShell-3
File Help

Ciishellzfgl 162211622 . cos

[ Wiger

Scope

[
[ Edit
[

ydc Calib

Figure 67: Once the .ccs file has been successfully opened there will be four options available to
select in the ccShell window31].
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In addition to showing the options igure 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
wi || di splay t hfolowed by the sonnéca tinmfegare &8)d B the DMOC loses
connection it wi | | displ ay ADi sconnectedod followe
Connection with the DMOC can be-sstablished by simply fepening 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). Avipusly mentioned, the controller needs both 12 VDC

and HV from the battery pack in order to power on.

Connecked 32 [5] | Close

Figure 68 The connection time is displayed at the top righcomer of the ccShell window[31].

With a connection established between the |apt
option to view variables and log data from the controliégure 69 shows the ccShell window with the
iviewer o6 option selected. When viewing controller
same time. Variablesao be added or removed using the options on the right siéigufe 69. The top
window displays the selected variables to monitor. These variables can be remogetheisiamove
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 AFiltero
full list of variables and desptions are available in the Azure DMOC445 user manual and the CAN
controller wuser manual . Al ong with viewing variabl

controller data.
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K3 ccShell-3 =Jo&d

File Tools Configuration Help

C!\ReposishellcfgiFRC-03FB-3022\FRC-03FB-3022-000-0012, cox Connecked 329[s]  Close
Symbol Value Lnit Per-Lnit Selected Yariables to Manitor {14/20):
ISRZBatvoltage (T_INT,C) oo v 0,00000 | |ISRZBatvoltage (T_IMT,C) ~
ISR2CAMComState (T_IMT,C) z - 2 | |15R2CANComSkate (T_IMT,C)
ISRZEstBatCurrent (T_INT,C) 04 A -0.00095 | |ISR2EstBatCurrent (T_INT,C)
I5R2HeatsinkTemp (T_INT,C) Zmed C 2,81641 | |15R2HeatsinkTemp (T_INT,C)
ISRzHertz (T_INT, C) 0.0 rpm 0.00000 | |ISR2Hertz (T_INT,C)
ISR2IdF (T_INT,C) 00 A o.00000 | [IR2IAE (T_INT,C)
ISR2IdSet (T_INT,C) 0.0 A 0.00000 EEEEE%(TINITN%)Q
ISRZIF (T_INT,C) 0.0 A 0.00000 | | fZeoyca 77 TG
ISRZIqget (T_INT, C} 0.0 A 0.00000 | ((ZR5rivie (N, )
ISR2TsLimit {T_INT,C) 00 A 0.00000 || [sp2MotarLinit (T_INT,C) v
ISR2MotarLimit (T_INT,C) 0.0000 Q10 0,00000
ISRZPowerstagestate (T_EMUM,C) OFF - 3 4 Add W Remove  Filker
ISRzZRealTarque (T_INT,C) 0.00  Nm 0,00000
ISRZTorqueDesired (T_IMT,C) 0.00  MNm 0.00000

EE3LastError (T_LUINT,C) ~
EE3LastErrorl (T_UIMT,C)
EE3LastErrorz (T_UIMT,C)
EE3LastError3 (T_UJINT,C)
Capture EE3PSFaultd (T_EMUM,C)
EE3PSFault1 (T_EMUM,C)

Interval[s]: 1 [ EE3PSFault2 (T_ENUM,C)

EE3PSFault3 (T_ENUM,C) v

Configuration | Status | Capture

Logging to file: C\Documents and SettingsizsobhaniiMy Documentsicoshelliew Falderilog_FRC-03FB-3022-000-0012_2008-04-07_17-28-58.bxt A

Data captured on: Mon Apr 07 17:28:58 EDT 2008

Time "ISRZBatvoltage (T_INT,C) [¥]" "ISRZCANComState (T_INT,C)[-]"  "ISRZEstBatCurrent (T_INT,C) [A]" "ISRZHeatsinkTemp (T_INT,C) [C]"  "ISRZHertz (T_INT,C) [rpm]" "
0.0 .0 0.00 0.00

a 0.00 2 -0.4 281,64 0.0 0.0 0.0000  OFF
1 0.00 2 -0.4 281,64 0.0 0.0 0.0 0.0 0.0 0.0 0.0000  OFF 0.00 0.00
Right-click ko Save ¥

Figure 69: Selecting the "Viewer" option allows the user to view parameters ingaktime and log
controller data [31].

The bottom part of the ccShell window kiigure 69 is used for data loggingnce 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 tifire seconds). One second is the fastest data capturing rate for the
DMOC. Clicking the AStarto button begins data | oc¢
Once data logging has been started, the capture tab in the bottom of the windowdeginsopulated
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 capte 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 processimtaté recorded by the controller.
While logging data it is important to monitor the controller connection status. If the controller
disconnects, connection will need to beestablished and a new logging file started. For this reason it is

helpful to hae 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 AScopeodo tool

The Scope tool isaed 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 FEigure 70) . Next, the Scope tool needs to be a
Arming the Scope tool simply starts a {firigger buffer. When the desired event occurs (i.e. vehicle
acceleration) trigger the Scopeol using the trigger button adjacent to the Arm button. If the Scope tool
is armed and an Error occurs in the DMOC, the tool wil automatically be triggered to record the
parameters during the error. Thus, the Scope tool can be used to record rdauttingo aid in
diagnostics. Additionally, there is a pirgger percent that can be used to adjust where the data is
collected relative to when the tool is triggered. For example, arigger percent of 100% would
indicated that when the operator kéad 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
measuement 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 belearged). In order to compare the DMOC measure voltage to
the actual voltage, an additional voltage measurement wil 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 DMOCOscaBEEPR@Mi s ¢ éditatti ntghse amrew s |

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 wewhat is happening with variables at a faster rate than

The Parameter Editor tool is used to access and modifye

the Viewer tool [31].

controll

er 6s

variab

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 wil show

i Rxd

Erroro

reflectdi

ng

a

receive

error

The

di spl a

re-opened to ensure that all variables are properly lodéigdre 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 lints are not exceeded. The scroll slider can be used to view the different variables that can

be changedDo not change variables until all the Azure user manuals and this thesis have been fully

studied The DMOC445 .paffile settings are show in the Appéxdf this thesis Figure 186 - Figure

191).
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Figure 71: The ccShell parameters editool with and Rxd error. In this instance, the .ccs file can be

closed and reopened, or the display can be refreshg¢dl].

I n order to change a variable, sel ect the desi
Valueo cell next to the wvariable and hit enter
variable. The program will prode an opportunity for the user to double check that the new desired value

is a wanted change. This process is illustratedrigure 72. If the change is wanteds e | e c t il Ac Cc e

o

Changes to approve the new variable value. Conve

o

Changes to cancel the variable change.
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Figure 72 To change a variable type in the new desired value and hit egrt After reviewing the
proposed change, select accept change to approve the new value, or select discard chi@angancel
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, t he ac
error. In order to ensure that the new changes effective the next time the vehicle is operated,
ensure that the new changes aFigare 79).aQf emportanae, t he ¢
whenever a CAN relatl 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 therynsithcestore
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 changesisTallows the user to revert to the previous variable if desired.

Anot her met hod of saving the controllerdés paran
generates a .par file that can be saved in a desired location on the computer hard tiple.. pan

files can be generated and |l oaded using the ALO
fle. 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 dwow 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.
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Figure 73 Variable changescan be storedto the DMOC's internal memory by selecing the "Save

While the motor can be operatastightly 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 (IGBTSs), the imetbiViOC
heat sink, and the DC voltage terminals. The vehicle operator can monitor these temperatures using the

ISR2ThermCurrentLimitCauseariable in ccShel. While this variable does not specify the current

to EEPROM" option in ccShell [3]].

temperatures, it does show if any thermal lmgjtiis occurring in the powertrain system.

The |

[30]. Wh e n

THERMAL_LIMIT_IGBT or a 1 depending on how the variable is being viewed. If the motor is
overheating, ccShell will display THERMAL_LIMITMOTOR 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

GBTo6s act as

t he [

GBTO6 s ar

high

e tISR8TheomCurrergLimisCausetl fdispfaym a |

speed

switches
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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 htiie 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 wil be displayed in ccShell. If both

the DMOC and motor have reached their thermal limiting stt8&2ThermCurrentLimitCausaill 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 argtihg. This occurrence is normahlong 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 2Zure DMOC445 controllerexperienced 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 knowchosmove the
controller safely from the JimmE. 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 ensing that the key is in the off positiofrigure 74). While inside the vehicle,
disable the high voltage power supply by depressing the emergency contactor adtdrolfgure 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, apid tdnnections).

Unplugging these connections removes the 1Z\4durce from the controller preventing operation.
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Figure 75: The contactor control button is in the 'OFF posdtion 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 versibhthe DMOC contains arEMF 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
controllerds chassis a Il arge voltage wild.l be presece
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 @AF}his 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 iftagtil 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 converters can be disabldeigure
76). Shutting off the DE&C 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. Iorder 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 sufficienicaletépe. Once the two HV
cables have been removed and taped, the-fiitrase AC cables can be removed by removing the nuts
and bolts with wrenches. To remove the thpbase cables from the controller, the shielding Rigufe
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 cqntinelleuts fastening the
controller to the vibration dampening moungg(re 60) can be removed. Once the four nuts at each
corner of the controllehave been removed, the controller can be lifted out of the Jivie hand. The
controller weighs approximately 30 Ibs. Seek assistance if necessary. If the controller is in need of repair,
there is contact information for individuals who have worked an limmEV 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 ancalibrate the Jmmi ECU is additionally important since the ECU is responsible for
communicating driver commands to the DMOC for mo t

next.
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Figure 76. DC-DC converter enable switchbox located behind the passenger seat.

3.5.3 JimmE-V Electronic Control Module

The JimmEV ECU plays an integral role in operating the JiImMEAs mentioned in Chapter 2
of this thesis, the ECU serves as a gateway between the operator andcomitolier. 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 cootier. 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 wihesh dénis 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 Jimvhiorward of the motor controlleFigure
77). In order to mitigate vibrations, the ECU is secured to thefsuba me 6 s pol ycar bonat e
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 inter
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software package is used to interface with the ECU and recuitiesnse. The license information is
contained on a CryptBox USB drive. Before the program can be opened, ensure that the -Bypto

key has been inserted into the |aptopds USB port.
V, and the USB dve is left in the back right corner of the laptopigure 78). With the license key

inserted into the laptop, the next step is to connect the laptop to the Jh@AR 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 CryptdBox USB drive.

In order for the Kvaser adaptey interface with the Jmmi& 6 s C A M is tonngcted to the
Smartcraft connector l ocated in the vehiclebds gl ov

DB9 connector that mates with the Kvaser adapiére USB end of the CAN adapter conteeto 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 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 busgigure 81 shows the different LED indicators. Once all the USB connections
have been made with the vehiclebs | kefdghitorpswitcith e ECU

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 tbugh the start menu, or the icons located on the desktop screen sHeigurdrB2.

Figure 81 The green LED indicatesthat the adapter is powered; while the amber LED indicates

the CAN bus connection has been established.

225
1/2/2015

ARG

Mototune ECU Software
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 ikes e and di s pl ayslf thB iense isiiargcbgaized, L C

AUnlicensedo wildl be displayed. To get the -license
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Key, turn off the ignition switch, rmsert the CrypteKey, turn on the ignition switch, and open
Mototune. Once the license is registbreéhe 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 windowslefh $itke of Figure

83 allow the user to navigate through the various parameter folders available in thelrEGtder to
calibrate the parameters in the ECU, a calibration file needs to be opened. Calibraticanfilee opened

using the open folder icon, or under the file menu. Once selected, an open window will display what files
are available to operkigure 84 shows the rain open window options; calibration files are located in the
Cals folder, while display files are located under the Displays folder. The display option wil 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 ECUOG s calibration file, sel ect t he
ensure that the file type is .cal (default open oy

calibration; however, in order to change paetans 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 bed us named
Kansas_902_32mrg000.calOnce 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 notedt thew Eagle used a very similar ECU in the Ford Transit.

As a result, there are unused parameters in the E
and heater control). The ECU is only used to communicate with the controller and Figiwe 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 paraméipkyed, 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.
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Figure 86: Once a calibration file is opened, thecalibration explorer window is populated with

parameter folders. Additionally, recently saved paramterers will be dsplayed in the main window.

With the calibration opened, some of the main ECU calibration parameters wil 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 thtor. For example, the AC55 motor is rated at 28t Nf torque. If

the ECU requests a torque value of 35@nNvith the controller max torque set to 30eni\ only 300 N

m will be commanded from the motor. This setup provides checks and balances twdinegio 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 torgliezl dppthe motor as the

vehicle speed changeEigure 87 shows the Jimm&/ 6 s

numbers represents the amount the accelerator pedal is pressed (i.e., 0%, 5%, 10%, 15%, 30%, 50%, and

accelerator

pedal

100%). The far left rowis 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 thattpdpelanap are percent values of

t he mo t

pressed

or 6s

30%

rat ed

at

10 mph,

t

torque (i.

he

e.

i f -m; Wwhen tlie(pedal isa s

ECU will

command 40%

negative percent Wees in the map for calibrating regenerative braking. The displayed map calibration in

Figure 87 has been relatively unchanged other than the first two rows. Thdwibsrows were altered

using trial and error to ensure that the vehicle had smooth starts similar to a production vehicle.
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Figure 87: The JimmE-V accelerator pedal torque map.

Before discussing the ECU display feature, theme some additional parameters that are

nt t
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di scuss.
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me nt iFguree d ,

88), power limits Figure 89), and final drive ratio Kigure 90). The rated torque should match the torque

t

t

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 figig 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 ECiditidFosehicle

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 tax 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 thedfimal ratio to

det er mi

result, the final drive ratio parameter needs to be adjusted using trial and error, and then compared with

ne the

GPS indicated speed.

vehicl

eods

current

speed.

However
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Figure 88 The ECU motor rated torque parameter.
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Figure 89: The ECU motor acceleration and regenerativepower limits.
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Figure 90: The final drive ratio parameter used to determine thevehicle 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 opemn), 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 aatiatibfile; 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 shigure B1.

wow N~

Lookin: |, ECUFiles - @ Er
. Name - Date modified Type
e | Cals 10/17/2014 4:15PM  File folder
EeceltlBlaces Displays 10/17/2014 433 PM  File folder
! . Logging 7/23/2014 1219 PM  File folder
Programs 7/29/2014 2:34 PM  File folder
Desktop . System 7/23/20141219 PM  File folder
TDEDLL 7/209/2014 234 PM  File folder
. Updates 7/23/201412:19 PM  File folder
Libraries
Computer
@
h ] . 3
Network
Files o type [calibration Fiies {*.cal) -] [ cancel |
Calibration Files (* cal
" m—n splay Files (*dis)
[] Offline Al Fles )

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 filge 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 ofethe op
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 similddyhow 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 cdfiguty92 shows an
example of a display file. The display file shows ECU power states, the current shifter position,
accelerator pedal percentage, vehicle speed, and thet aotgue command. Additionally, variables can
be overridden by changing the pdbsough 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 settingechto be checked to ensure the Kvaser CAN adapter

is functional.

=] MotoTune [New Eagle LLC] - [Disj do = L |

i File Edit View Display Chat Special Window Help _&x
iD\D“EﬁI@Eﬁ\%@X\élﬁk’-’@\@\@\\%EmEliﬁlﬁlﬁl e Neal |
AR ABRESSRRERIT R ALY @Bl EAORiagH

§ Display Explorer 2 x 3 DisplayWindow | 4bx
Display A B 3 ] E F B
%5 Display3.0.dis" on [PCM-1] 1 WMCU_StartupCompleted_new  N/A DMOC_MotorSetSpeed_new 0.00
z MCU_StarfupCompleted ovr . Pass-Through DIMOC_Mator SeiSpeed_ovr Pass-Through
(2] ActustorControl
3 PowerReady_new HIA DIMOC_MatorTorqueLimUpprLowr new | 0.00
Qcan 4 PowerReady_ovr Pass-Through DMOC_MotorTorqueLimUpprLowr_ovr | Pass-Through
-1 Controls 5 BowerTrainReady i DMOC. MotorTorqueStandby._new 0.00
(3 Diag 5 0 i 1 DIMOC_MatorT ovr Pass-Th
12 Faults 7 MCU StartupCompleted HIA DMOC_MirDirection new 0.00
- Inputs B DMOC_ MirDirection_ovr Pass-Through
{2 Kansas 902 s ct 0 DMOC_StateCmnd_new 0.00
(2 Sensars 10| PRHDL_State Park DMOC_StateCmnd_avr Pass-Through
00 System 11| VeVCh_ v 4.00 DIMOC_MotorSetSpeed
= WCU_Direction d.08
(3 UserInterface 13 | AccelPedd_Pct 0.00 MCU_State 0.00 L
-] VirtualSensors 1% | AcceiPed2 Pct 0.00 MCU_TorqueCmaiim 0.00 1
15
18
17 | FauitMarquees Current Suspected | Current Active | Current Occurred
18| Fauitharquees (Hone) (Nong) VoltageBasedDeratinginAccelActive
18 |F i FaultLamp ZeroTorque
20 |- (tone) (one)
21| Fault_ActiveApplied 0
22| SystemFault_Present o
2
28
25| VDVCI_BrakeSw_ i
3 26 o
i Calibration Explorer 2 x >
Calibration 28
28
30
31 Vehicie Speed d.08
3z
3 -
|41 » |\ Sheet1 [ i ’

215eM | |
2/5/2015

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 [igure 93. When the ports option is selected, a port
configuration will open showing the different options availatiégyre 94). To communicate with the
ECU, PCM1 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 liifietbby 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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About MotoServer

Status...
Ports...

Locations...

Load Settings From File...

% B

Save Settings To File...

Customize...

=
216PM | |
2572015

Figure 93 The MotoServer icon is located on the far right end of theéaskbar. To view the

connection settings, select the ports option.

Description | Type Access | Baud Rate | Max Retries
[ PCMA Kvazer CAN 4 500000 5

I com1 Serial 4 57600 5 M adify
[ SECHA Kvaser CAN 4 250000 5 4
Delete

Add

Mave Up

Edit Names

Ok | Cancel |

Figure 94: MotoServer port configuration window.

In addition to knowing how to access, calibrate, and view data in the JvhBEU it is also
important for the dver 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 pedabraké pedal. In order to ensure proper
vehicle operation, each of the main inputs wil be discussed.

The first input to discuss is the shifter. Typically, automotive shifters have been mechanically
linked to a manual or automatic transmission. Due tdatie of a transmission, it is important to note that
this shifter does not mechanically place the vehicle in park. The shifter in the JirismBimply an
electrical five position switch with each position indicating a drive position. As vehicles begiingdo
more electronics, manufacturers are already implementing electronic shifters into their véhitles (

95). The shift positions follow typical automotive shiftsetup; 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 JmE

(Figure 96).

Figure 95: Electronic shift knob in the 2015 Chrysler 20(0032].

Figure 96: The JimmE-V shift knob is located on the vehicle's dash board.

Each shift position in the Jimm¥ results with different motor operation. The shifter should only
be operated with the vehiclebs ignition switch in
out of park, the shifter will need to be retad to park and have the ignition switch cycled. The different
shift positions are illustrated iigure 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 tché¢ 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 Jimm¥, ensure that the path behind the vehicle is clear dfoles 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
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the neutral shift position is leeted, 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 EClndilbspositive 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 JimmEwill not operate in low. Just below the shifter is the Miniview

display.

Reverse

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 -JimvhEn a
laptop is not in useThe display has three parameters aidd 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 ordown buttons below the display until the desired parameter is sHégure 98 shows the
Miniview gauge displaying accelerator pedal percent (left) #re torque command (right). In addition to

the Miniview gauge, there is also a toggle switch for regenerative braking in the -WimmE
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Figure 98 The Miniview display shows the operator accelerator pedal position and theurrent

torque command from the ECU.

The regenerative braking switch is located below the light switch on the left side of the-JimmE
Vs st e e Figune®9). Wheewitth cgntrols 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 ofthis 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 tiee 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
desiredparameters are established in the ECU and DMBgure 89 shows the regenerative power limit
set to zero. As a result, the ECU will not command any regenerative dgrakithe ECU limit is set
higher than the DMOC Ilimit, 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 Jifrsn& low
maintenance component; howevethe ECU controls relays that eventually wear out due to the

electromechanical nature of the component.

107









































































































































































































































































































































































































