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Abstract

This thesis presents the development of a generalized, open-source software framework
designed to support Controller Area Network (CAN) communication and visualization in
electri ed o -road vehicles. With the rising momentum toward electri cation in heavy-
duty and o -highway equipment, o -road platforms face unique challenges | including
rugged operating conditions, high power demands, distributed control systems, and the
integration of multiple electric actuators. These vehicles typically demand precise co-
ordination and robust communication between subsystems such as traction, hydraulics,
and auxiliary functions.

To address these challenges, this work proposes a modular and extensible framework
that is protocol-agnostic and con guration-driven. It supports decoding and encoding
CAN messages via DBC les, enabling seamless integration across varied architectures.
At its core, the framework incorporates a JSON-de ned, condition-based nite state
machine (FSM) responsible for managing vehicle states, enabling event- and threshold-
based transitions, and handling fault detection in a thread-safe manner. Its lightweight
and reusable design make it ideal for embedded software on vehicle control units (VCUs).

The framework is validated through a case study on an electri ed Compact Track
Loader utilizing a Hybrid Hydraulic-Electric Architecture (HHEA), a research vehi-
cle featuring ve independently controlled electric motors in concert with a hydraulic
common pressure rail system. Here, the hydraulic common pressure rails provide the
majority of the power whereas the four of the electric motors modulate that power.
The electric motors consist of two small traction motors, mounted in tandem with the
left and right hydraulic propel motors, that deliver the modulating torques; two addi-
tional motors connected to two hydraulic pump/motors, which regulate pressure ] and
thereby force ] for the lift and tilt hydraulic functions; and a primary electric motor
that drives the Digital Displacement Pump (DDP), responsible for supplying ow to
the common pressure rail. All hydraulic actuators operate in coordination with this
common pressure rail system, which is dynamically supplied by the DDP based on real-
time system demand. Coordinating these high-voltage subsystems requires a real-time,
fault-resilient control strategy with reliable communication across a J1939-based CAN



network. The vehicle’s architecture also includes a power distribution unit (PDU), bat-
tery management system (BMS), and several supporting ECUs, all integrated via the
proposed framework.

To aid in development and testing, a Qt-based dashboard is developed as part of the
framework. This tool enables real-time monitoring and visualization of CAN signals,
execution of control commands (such as vehicle start/stop and motor enable), and
live diagnostic feedback during both bench and Hardware-in-the-Loop (HIL) testing.
The dashboard supports additional features such as fault injection, data logging, and
dynamic signal plotting, allowing developers to iterate quickly and verify functionality
across diverse testing conditions.

The framework’s open-source nature, combined with thorough documentation and
modular software design, encourages adoption and customization across other electri-

ed o -highway platforms. By abstracting protocol-speci c logic and unifying control,
diagnostics, and visualization under a single architecture, this work provides a scalable
and reusable foundation for CAN-based communication in o -road electric vehicles.

Through the successful implementation on the HHEA Compact Track Loader, this
thesis demonstrates the feasibility and robustness of the proposed approach in managing
multi-motor coordination, diagnostic visibility, and exible software architecture in the
context of next-generation electri ed o -road systems.
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Chapter 1

Introduction

1.1 Chapter Overview

The o -road vehicle industry is experiencing a paradigm shift with the increasing adop-
tion of electri cation technologies. This transition is driven by stricter environmental
regulations, the need for improved energy e ciency, and growing interest in reducing
maintenance and operational costs. Electri ed o -road platforms|including compact
track loaders, excavators, and agricultural machinery|pose distinct challenges due to
their demanding operational environments, low-volume customization, and the need to
support a wide range of auxiliary functions.

Unlike on-road vehicles, which typically use a single electric motor and bene t from
standardized communication protocols, o -road vehicles require multiple degrees of free-
dom to perform tasks like lifting, tilting, and propulsion. Electrifying these systems
demands several high-power electric motors|not just for driving, but also for operating
hydraulic pumps and auxiliary implements. Each motor functions as an independent
subsystem, requiring precise control and robust communication.

The Hybrid Hydraulic-Electric Architecture (HHEA) used in this work exempli es
this complexity, integrating ve electric motors to coordinate propulsion and hydraulic
actuation. This highlights the need for a scalable and fault-resilient communication
framework to manage the distributed control architecture of electri ed o -road vehicles.



In this context, Controller Area Network (CAN) communication protocols|particu-
larly SAE J1939 (see Appendix A.l.1)|serve as the backbone for real-time data ex-
change between Electronic Control Units (ECUs), such as inverters, battery manage-
ment systems (BMS), and the vehicle control unit (VCU). However, developers working
on electried o-road systems often face substantial barriers, including the need to
manage protocol-speci ¢ details, decode signals from proprietary DBC les (see Ap-
pendix A.4), design human-machine interfaces (HMI), and validate system behavior in
both Hardware-in-the-Loop (HIL) and real-world environments.

To address these challenges, this research introduces a modular, DBC-driven frame-
work for CAN communication and visualization that abstracts low-level protocol han-
dling and facilitates rapid development and testing. The framework supports condition-
based logic, real-time visualization, and extensibility across multiple vehicle platforms.

To develop this framework, an electri ed compact track loader that uses the HHEA
[1] is used as a case study.

This chapter introduces the motivation behind the research, outlines the specic
research objectives, and provides an overview of the structure and contributions of the
thesis.

1.2 Research Objectives

The primary objective of this research is to design and implement a modular, protocol-
agnostic framework for CAN communication and signal visualization. This framework
is intended to simplify development, testing, and validation across automotive and o -
road applications by abstracting low-level protocol details and enabling DBC-based
con guration. As part of this e ort, the framework will be implemented and validated
on an electri ed compact track loader (CTL) to demonstrate its e ectiveness in a real-
world application.

The speci ¢ objectives of this thesis are as follows:

~

Develop a generic, extensible framework capable of supporting multiple CAN pro-
tocols, including but not limited to SAE J1939, through DBC le parsing.

~ Implement a condition-based, JSON-driven nite state machine (FSM) for man-
aging system states, transitions, and fault handling logic.
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Create an intuitive Qt-based human-machine interface (HMI) for real-time CAN
signal monitoring, control, and diagnostics.

Validate the framework using Hardware-in-the-Loop (HIL) testing methodology.

Demonstrate the application of the framework through a real-world case study on
an electri ed compact track loader using J1939 protocol.

Release the framework as open-source along with comprehensive documentation
to support adoption and customization.

1.3 Thesis Outline
The remainder of this thesis is organized as follows:

" Chapter 2: Background and Literature Review
This chapter introduces the electri ed compact track loader prototype being de-
veloped at the University of Minnesota and explains the need for robust com-
munication across its subsystems using the SAE J1939 protocol. It also reviews
existing tools, communication frameworks, and visualization systems, identifying
the research gap in creating a modular, testable, and open-source communication
framework for CAN-based vehicle platforms.

Chapter 3: System Architecture and Framework Design

This chapter describes the architecture of the proposed CAN communication
framework. It details the design philosophy, protocol-agnostic structure, DBC-
based con guration, and the JSON-driven nite state machine (FSM) developed
to handle signal-based transitions, fault detection, and safety logic.

Chapter 4. Dashboard Design and Implementation

This chapter presents the implementation of the Qt-based dashboard that acts
as the human-machine interface (HMI) for the framework. It explains the de-

sign choices, signal decoding, user interaction, and how real-time CAN data is
visualized and controlled through the dashboard.



Chapter 5. Hardware-in-the-Loop (HIL) Testing

This chapter discusses the HIL setup used to validate the framework's real-time
behavior in a simulated environment. It includes details on the testbench, signal
emulation, fault injection strategies, and how the FSM and CAN message timing
were veri ed under controlled conditions.

Chapter 6: Vehicle Integration and Real-World Testing

This chapter describes the deployment of the framework on the electri ed compact
track loader. It outlines the vehicle integration process, signal mapping, live com-
munication performance, and how the dashboard and FSM responded in actual
operating scenarios.

Chapter 7: Results and Analysis

This chapter evaluates the performance of the framework under both HIL and real-
world testing. Itincludes analysis of CAN message cycle timing, CPU and memory
usage, FSM execution latency, and dashboard frame rate and responsiveness.

Chapter 8: Conclusion and Future Work

This chapter summarizes the key contributions of the thesis, re ects on the frame-
work's strengths and limitations, and discusses future improvements, including
multi-protocol support, deeper diagnostics integration, and expanded visualiza-
tion capabilities.



Chapter 2

Background and Literature
Review

2.1 Chapter Overview

This chapter introduces the electric compact track loader prototype using a Hybrid
Hydraulic-Electric Architecture (HHEA) [1] that is being developed at the University of
Minnesota. It elaborates on the challenges of communication and coordination between
subsystems in such high-power o -road machines, focusing on the role of CAN-based
communication protocols, particularly SAE J1939. The chapter also presents a review
of the existing literature on vehicle communication frameworks, visualization tools, and
identi es the research gap this thesis addresses: the development of a modular and

testable communication and visualization framework.

2.2 Prototype Vehicle: System Overview and Architec-
ture

The prototype vehicle developed for this thesis is an electri ed compact track loader
that embodies the Hybrid Hydraulic-Electric Architecture (HHEA) concept. This archi-
tecture strategically combines the high power density and durability of hydraulics with
the controllability and e ciency of electric actuation. Central to the HHEA design is a
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set of multiple discrete pressure rails, each maintained at a di erent hydraulic pressure
level. These pressure rails function as quantized sources of hydraulic energy, enabling
energy-e cient operation across diverse actuation tasks.

Each hydraulic actuator or motor in the system is connected to a valve manifold
capable of linking its two ports to any of the four common pressure rails. These con-
nections are dynamically selected by solenoid-operated valves under the control of the
Vehicle Control Unit (VCU). This con guration results in a discrete set of 4 2 pressure
pairings, allowing for a wide range of achievable actuator forces or hydraulic motor
torques. For instance, when the loader arm is commanded to raise, the VCU selects
a high-to-low pressure rail combination and opens the corresponding valves to route
hydraulic uid accordingly. The actuator's motion is thus governed by the di erential
pressure between the selected rails.

To maintain and replenish these pressure rails, a Digital Displacement Pump (DDP)
is employed. The DDP is driven by a Danfoss Editron EM-PMI300-T310 electric motor
controlled by an Editron EC-C1200-450 inverter. Rather than modulating ow directly
at the actuator level, the DDP dynamically lls and stabilizes each pressure rail based
on overall system demands. This centralized pressure generation approach ensures that
energy is distributed where and when needed, while avoiding unnecessary throttling
losses.

In addition to the DDP, the system incorporates four smaller electric motor-generator
units (M/Gs), each consisting of a Parker GVM210 motor paired with a Sevcon HVLP
(High Voltage Low Power) inverter. These motors are mounted on hydraulic pump/-
motor assemblies and are dedicated to key vehicle functions|speci cally, left and right
propulsion as well as the lift and tilt work functions. Their role is to nely modulate
the hydraulic ow or torque seen at the actuator or motor, providing continuous control
within the discrete force or torque steps de ned by the pressure rail combinations.

For lift and tilt, the small electric motors operate in conjunction with their respective
hydraulic units to either boost or absorb pressure, e ectively modifying the force applied
by the actuator. For propulsion, the motors are coupled in tandem with the hydraulic
drive motors and can add to or subtract from the torque produced by the hydraulic
pressure dierential. This approach allows the electric motors to "bridge the gap"
between the discrete levels o ered by the rail pairings, enabling smooth and responsive



operation.

Importantly, these M/Gs are sized to handle only about 15% of the peak power
demand for each degree of freedom. This low-power sizing is made feasible because the
DDP manages the bulk of the energy-intensive pressure generation, allowing the smaller
motors to focus on high-bandwidth modulation and energy recovery tasks. This archi-
tectural separation signi cantly enhances overall system e ciency while maintaining
dynamic responsiveness.

Figure 2.1 provides a visual overview of this system, including the distribution of
pressure rails, valve manifold logic, electric motors, and hydraulic circuits. The diagram
illustrates how the various components interact to achieve e cient and coordinated
control across all propulsion and work functions.

Figure 2.1: Hydraulic Architecture of Electri ed HHEA Compact Track Loader



Figure 2.2: Electric Architecture of Electried HHEA Compact Track Loader

Figure 2.2 illustrates the high-power electrical architecture of the electri ed compact
track loader. Power is supplied by two 400V Webasto battery packs connected in series
to form an 800V DC high-voltage bus. This bus feeds into the Electric Power Distri-
bution Unit (PDU), developed by EPEC, which serves as the central node for safely
routing power to downstream high-voltage components. The PDU manages the acti-
vation of high-voltage contactors and distributes power in parallel to ve independent
inverters, each responsible for driving an electric motor dedicated to lift, tilt, propel, or
hydraulic pump operation. These inverters convert DC to AC and allow precise motor
control based on real-time system demands.

The PDU operates under commands from the Vehicle Control Unit (VCU), which
serves as the central logic controller. The VCU coordinates all major subsystems, in-
cluding the inverters, PDU, On-Board Charger (OBC), and other safety-critical devices.
It also receives feedback from the PDU, such as contactor states, internal temperatures,
and insulation monitoring status.

Battery monitoring is handled by a Vehicle Interface Gateway (VIG), which collects
telemetry data|such as voltage, current, temperature, and state of charge (SOC)|and
transmits it over the Battery CAN bus. This information is vital for power budgeting,



thermal management, and fault detection.

AC charging operations are managed by a Cascadia Motion On-Board Charger
(OBC), which adjusts charging parameters such as voltage and current in real time
based on constraints received from the Battery Management System (BMS). The BMS
functions as an independent ECU, continuously monitoring battery health, balancing
cells, and issuing fault warnings as needed.

The system uses two primary CAN buses: the Battery CAN bus and the Vehicle
CAN bus. The VCU is the central node on the Vehicle CAN bus, issuing propel and
hydraulic commands to the inverters, enabling or disabling subsystems based on system
state, and monitoring feedback from all connected ECUs. In this distributed control
environment, reliable and real-time CAN communication is essential for synchronizing
multiple motor systems and maintaining system-level functional safety.

Figure 2.3 illustrates the overall communication topology of the vehicle, highlighting
how major electronic control units (ECUs) are distributed across two CAN networks:
the Battery CAN and the Vehicle CAN. It shows how the VCU, inverters, PDU, BMS,
OBC, and other subsystems are logically connected within the system architecture.
While the gure does not depict detailed message ow or signal-level logic, it provides
a clear overview of the system's physical communication structure and emphasizes the
importance of consistent and well-structured CAN integration across all nodes.
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Figure 2.3: CAN Communication Architecture of the Electri ed Vehicle

Together, the hybrid hydraulic-electric architecture (HHEA) and the distributed
communication network form the foundation of the HHEA compact track loader. Coor-
dinating the ve electric motors, multiple ECUs, and safety-critical contactors requires
a reliable software framework capable of abstracting hardware-speci ¢ behavior while
o ering real-time monitoring, diagnostics, and control. The framework developed in
this thesis is designed to meet these exact needs, enabling scalable implementation,
hardware-in-the-loop testing, and intuitive visualization across similar electried o -
road platforms.
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2.3 Communication Between Components

The HHEA compact track loader relies on continuous and synchronized communication
between several distributed ECUs to ensure safe and e cient operation. These com-
ponents exchange messages over the SAE J1939 CAN protocol across two networks:
Battery CAN and Vehicle CAN. The communication framework supports a wide va-
riety of scenarios, including system startup, drive enable, torque command execution,
charging, and fault recovery. This section describes how each ECU interacts with others
in these dynamic contexts.

The Battery ECU, implemented through the Vehicle Interface Gateway (VIG), plays
a central role in monitoring battery status and enabling high-voltage operation. During
startup, the VIG awaits a high-voltage enable command from the VCU, along with
con rmation that the vehicle is in a safe state (e.g., no crash signal, no isolation fault).
It also receives ambient temperature data for thermal protection, vehicle speed for
estimating dynamic load conditions, and time synchronization data to ensure accurate
logging and fault analysis. The VIG continuously monitors isolation resistance to detect
potential ground faults or insulation failures. If isolation resistance drops below a safe
threshold|especially during pre-charge or drive enable|it may block contactor closure
and send a fault warning to the VCU. Upon successful precharge and enablement,
the VIG broadcasts real-time battery metrics including State of Charge (SOC), State
of Health (SOH), pack voltage, current, and available energy. These values directly
in uence how the charger, inverter, and control logic operate under normal and peak-
load conditions.

The Cascadia Motion On-Board Charger (OBC) includes both an AC charging unit
and a DC-DC converter. While the AC charging function is primarily active during
parked or idle states when the vehicle is docked for charging, the DC-DC converter
remains active even when the vehicle is not docked. It continuously supplies 12V power
to critical low-voltage systems from the high-voltage battery. The BMS, via the VCU,
communicates safe voltage and current limits to the OBC based on battery thermal
and electrical status. The OBC dynamically adjusts its charging pro le to honor these
constraints, ensuring long-term battery health and safe operation. During charging, the
OBC periodically sends its output voltage, charging current, internal temperature, and
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operational ags to the VCU. These ags indicate whether the charger is idle, active, or
in a fault state. For example, if an over-temperature fault is triggered, the OBC sends a
fault code and halts charging. The VCU responds by logging the event and updating the
dashboard to alert the operator. Additionally, if the battery reaches maximum SOC or
the BMS imposes stricter limits mid-charge, the VCU updates the OBC's con guration
in real time to taper current or stop charging gracefully.

The EPEC Power Distribution Unit (PDU) governs the connection and disconnec-
tion of various high-voltage lines, acting as a physical gatekeeper for energy routing.
During system startup, the VCU rst veri es that all preconditions are met|including
battery availability, VIG con rmation, and system isolation checks|before issuing a
command to close the main contactors. The PDU then attempts to engage the contac-
tors and returns con rmation messages. If a contactor fails to close or detect its own
engagement, the PDU broadcasts a fault status, preventing further system progression.
During runtime, the PDU continuously reports temperature, current, and voltage across
its channels. In high-power scenarios|such as climbing a slope or lifting a load while
driving|the VCU monitors these values to avoid thermal overload and may proactively
reduce torque commands to inverters. In fault scenarios such as crash detection or in-
verter overcurrent, the VCU commands the PDU to open all contactors, immediately
isolating the high-voltage system.

The Editron Inverter controls the motor that drives the Digital Displacement Pump
(DDP), a critical component that generates the hydraulic ow supplied to the common
pressure rail, enabling coordinated operation of lift, tilt, and auxiliary actuators. During
initialization, the inverter undergoes self-diagnostics and reports its readiness via CAN.
Once the system enters operational mode, the VCU sends speed commands to the
Editron Inverter based on the ow and power demands from the common pressure
rail, ensuring the DDP delivers the required hydraulic output for vehicle actuation. For
example, during lifting or tilting operations, the VCU may command a constant nominal
motor speed to maintain steady hydraulic ow. However, if ow demand is low or the
power consumption approaches system limits, the VCU can reduce the speed to allow
the DDP to operate at higher displacements or to stay within safe power boundaries,
thereby optimizing e ciency and avoiding pressure surges. The inverter responds with
detailed feedback including actual motor speed, rotor position (via resolver), DC link
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voltage, and thermal status. If the inverter detects internal faults (such as overcurrent,
undervoltage, or encoder errors), it broadcasts fault codes immediately, allowing the
VCU to disable the pump and safely transition to a fault state.

The four HVLP inverters control the electric motors responsible for left and right
track propulsion, as well as the two motors that drive the hydraulic actuators for lift and
tilt functions. These inverters are crucial during drive enable, coordinated motion, and
closed-loop control. At drive enable, the VCU sends motor activation requests along
with torque and current limits tailored to battery conditions and vehicle state. For in-
stance, if SOC is low or battery current limits are reduced due to temperature, the VCU
derates torque commands across all inverters to balance power demand. During driving
or work operations, the HVLP inverters send feedback on actual torque output, motor
speed, position (from encoder data), and internal temperatures. This data is used by
the VCU to monitor load symmetry, detect slippage or load spikes, and dynamically
adjust commands. If one traction inverter experiences a thermal warning, the VCU can
reduce only that side's torque to maintain drivability without a full system shutdown.
During coordinated maneuversijlike lifting while driving forward|the VCU must bal-
ance torque among all inverters and prioritize commands based on operator intent and
system constraints.

Across all these components, the system operates in a tightly integrated communi-
cation loop. Fault propagation is handled through prioritized message IDs, while heart-
beat and watchdog signals ensure node liveness. Time-synchronized logs are critical
for debugging and safety analysis, especially during rapid transients or fault transi-
tions. The use of J1939 ensures that all components|regardless of vendor or internal
implementation|can communicate using a standardized PGN/SPN structure. This
approach supports scalability, modularity, and long-term maintainability of the control
architecture.

In summary, each component's behavior adapts to changing system conditions, and
communication is not static but responsive, fault-tolerant, and safety-critical. These
dynamic interactions form the backbone of the framework developed in this thesis,
ensuring that electri ed o -road systems can be controlled, monitored, and debugged
e ectively under a wide range of operating scenarios.
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2.4 Literature Review

The existing literature and tools for electri ed vehicle communication frameworks, par-
ticularly those involving Controller Area Network (CAN) protocols and visualizations,
illustrate diverse capabilities but also reveal notable limitations.

Patil et al. investigated an infotainment system utilizing the CAN protocol and
System-on-Module (SoM) with a Qt-based application tailored for Formula-style elec-
tric vehicles [2]. Their design focused on real-time monitoring of critical parameters
such as voltage, current, motor temperature, and speed. However, the system lacked
integrated trace analysis, comprehensive documentation, streamlined ECU setup, em-
bedded performance optimization, and rigorous SAE J1939 compliance. Additionally,
the transparency of vehicle source code and support for plug-and-play adaptability to
o -road electri ed vehicles was not addressed, limiting its broader industrial applicabil-
ity.

Benedetti et al. developed a digital dashboard on a low-cost embedded Raspberry
Pi platform, demonstrating a Qt-based interface for displaying CAN messages via the
OBD-II interface in a fully electric vehicle [3]. Although cost-e ective and adaptable,
this approach was constrained by reliance on OBD-II rather than the more robust SAE
J1939 standard, and it lacked advanced features like extensive trace analysis tools, ease
of new ECU integration, optimized embedded C++ frameworks, and comprehensive
documentation, which are critical in o -road electri ed vehicle environments.

Commercial solutions such as Vector CANoe and EPEC plug-and-play displays of-
fer powerful features including advanced CAN network simulation, diagnostic protocol
support, graphical dashboard creation, and rugged HMI integration for real-time ve-
hicle monitoring [4, 5]. However, their practical adoption in academic or specialized
electri ed o -road vehicle projects is often hindered by proprietary restrictions, signi -
cant licensing costs, lack of open-source adaptability, absence of full transparency into
vehicle code, and di culties in rapid ECU integration.

MATLAB and Simulink o er sophisticated capabilities for electric vehicle develop-
ment, simulation, and prototyping but su er from high licensing costs, complex work-
ows, proprietary constraints, and limited native support for open-source exibility and
rapid ECU integration [6].
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Open-source alternatives such as SocketCAN provide fundamental CAN communi-
cation infrastructure but lack user-friendly graphical interfaces, extensive trace analysis,
detailed documentation, and robust visualization capabilities [7].

The Open-SAE-J1939 project, despite o ering standardized J1939 protocol imple-
mentations in C, does not include advanced visualization, infotainment integration, or
comprehensive trace analysis capabilities, limiting its direct application to advanced
embedded systems [8].

GENIVI/COVESA Open Infotainment Stack and Automotive Grade Linux (AGL)
are substantial open-source infotainment frameworks but lack detailed trace analysis
tools, optimization for embedded performance through C++ Qt frameworks, seamless
integration with additional ECUs, and full compliance with SAE J1939 standards, re-
ducing their e ectiveness in specialized o -road electri ed vehicle applications [9, 10].

Eclipse Kuksa supports connected vehicle functionalities but similarly lacks inte-
grated CAN trace analysis, optimized Qt-based embedded performance, ease of ECU
integration, rigorous J1939 protocol adherence, and extensive documentation, restrict-
ing its practical use in robust o -road electri ed vehicles [11].

The Python-based can-j1939 library simpli es J1939 integration but does not provide
comprehensive infotainment capabilities, advanced real-time visualization, embedded
system optimization, or extensive analytical toolsets, hindering its practical usability in
complex electri ed vehicle systems [12].

Lastly, MATLAB's Instrument Cluster Toolbox, while e ective for dashboard proto-
typing, is not designed for embedded deployment and lacks features such as integrated
trace analysis, streamlined ECU integration, optimized runtime performance, and full
adherence to the J1939 standard|necessitating substantial additional development to
arrive at a production-ready solution [13].

To address these comprehensive gaps identi ed in the literature and existing tools,
the proposed thesis framework integrates advanced infotainment functionalities, detailed
trace analysis capabilities, simplied and rapid setup for new ECU integration with
Vehicle Control Units (VCUSs), an optimized embedded C++ Qt-based software frame-
work, strict compliance with SAE J1939 protocol standards, complete transparency of
the vehicle source code and DBC le integrationt , detailed documentation, and robust

! See Appendix A for an overview of DBC structure and decoding/encoding process.
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analytic tools within a fully open-source and plug-and-play architecture. This uni ed
approach e ectively caters speci cally to the complex requirements of electri ed o -road
vehicle applications.

2.5 Chapter Summary

This chapter described the hybrid hydraulic-electric vehicle developed at the University
of Minnesota, outlined the critical role of communication protocols like J1939 in coordi-
nating its subsystems, and reviewed the current state of tools, visualization, and testing
frameworks. It highlighted a research gap in software standardization for communica-
tion, which this thesis addresses. The next chapter presents the architecture, design,
and implementation of the proposed software framework.



Chapter 3

System Architecture and
Framework Design

3.1 Chapter Overview

This chapter outlines the system architecture and embedded software framework devel-
oped to implement J1939 CAN communication for an electri ed o -road vehicle. The
architecture integrates both hardware and software layers, with the Vehicle Control Unit
(VCU) acting as the central controller for communication across subsystems including
the high-voltage battery, inverters, On-Board Charger (OBC), Power Distribution Unit
(PDU), and the Vehicle Interface Gateway (VIG).

The software framework is built on a modular, Qt-based embedded platform designed
to manage CAN messaging, decode and encode signals using DBC (Database CAN) les,
and enforce timing for safety-critical communication. DBC les de ne the structure of
CAN messages, specifying signal positions, lengths, scaling factors, and units, enabling
consistent interpretation of raw data. The framework also features a JSON-driven,
condition-based FSM (Finite State Machine) to support exible control logic for tasks
such as startup, shutdown, charging, and fault handling.

This chapter describes the VCU's internal architecture, task coordination, data ow
between software layers, and the runtime logic for transmitting and receiving CAN
messages. It also covers the design choices for signal synchronization, system abstrac-
tion, and safety message generation using SHM and SDM structures. Together, these

17
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elements form the foundation for the real-time dashboard interface and serve as the
communication backbone for vehicle testing and validation.

3.2 Data Transmit and Receive Framework

The Data Transmit and Receive Framework plays a vital role in the overall CAN commu-
nication system of the Vehicle Control Unit (VCU). It handles the bidirectional exchange
of CAN messages through a tightly integrated yet modular design, ensuring that the
latest vehicle data is transmitted and received with reliability and determinism. The
internal logic revolves around three central components: theCanMessageSenderthe
CanMessageReceiver(speci cally its processFrames() function), and a shared mem-
ory structure called dataVector . These modules interact in a de ned sequence, shown
in Figure 3.1, to maintain a consistent and up-to-date representation of the vehicle's
operational state.

Figure 3.1: CAN Transmit and Receive Framework

The communication cycle begins with the creation of thedataVector memory. This
structure serves as the central repository for all decoded CAN signals and associated sta-
tus ags. Itis initialized during system startup and is accessible throughout the VCU's
runtime by all logic modules. Once initialized, the framework sets up the CAN receive
and transmit infrastructure using two core classes| TimeDateResponder(which acts as
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the CAN frame receiver) and CanMessageSendefresponsible for CAN transmission).

When a new CAN frame is received on the vehicle's CAN bus, it is passed to the
TimeDateResponder which handles incoming frames in a dedicated receive thread. The
raw payload is decoded using signal de nitions derived from the DBC le. The resulting
signal values are written directly into the dataVector memory, replacing the previous
values and updating the internal representation of the system state. This ensures that
the shared memory always re ects the most recent vehicle conditions.

Parallel to this, the CanMessageSendecontinuously runs in a separate transmit
thread. At every iteration of its cycle, it evaluates which messages are due for trans-
mission based on their prede ned cycle times. For each message that is ready to be
sent, the system rst checks whether it is linked to a signal in the dataVector . If it
is, the message's signal elds are dynamically updated using the latest values stored in
memory. This guarantees that outgoing messages always contain the freshest available
data.

After updating the signal elds, the message undergoes signal encoding, converting
structured values into the raw byte format de ned by the J1939 or custom CAN spec-

i cation. The encoded message is then written to the CAN interface, completing one
full transmission cycle.

This mechanism is designed to be both reactive and deterministic. By decoupling
the signal acquisition (receive) from the message generation (transmit), the architecture
ensures that no delay or jitter propagates from one component to another. It also
enables seamless scalinglnew messages or signal de nitions can be introduced simply
by extending the dataVector or adjusting the DBC le, without changing the core
logic.

For example, to store a signal such as the battery pack's maximum voltage, an entry
is inserted into the dataVector as shown in Algorithm 1. Here, the PGN (Parameter
Group Number), signal name, and signal value are assigned to a speci ¢ index within
the vector.
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Algorithm 1:  Set PGN, Signal Name, and Value for Index 3 indataVec
Input : A vector dataVec of CAN signal structures

Output: Updated entry at index 3 with PGN, signal name, and value

1 dataVec[3].pgn O0x1806E5F4
2 dataVec[3].signal \BMS _Max_Voltage"
3 dataVec[3].value 300

This shared memory framework simpli es data ow across the system, provides a
single source of truth for all modules, and ensures a synchronized exchange of informa-
tion between the vehicle and the controller. Through this design, the VCU maintains
consistent behavior, real-time responsiveness, and high modularity for future extensions
or diagnostics.

The dataVector thus serves not only as a storage mechanism but as the central
system state within the VCU architecture. Incoming CAN frames update this shared
memory with the latest vehicle conditions, while all outgoing messages, FSM transitions,
and dashboard displays derive their behavior from the most current values stored in this
state. This memory-centric approach abstracts the complexities of CAN communication
and allows upper-level application logic to interact with a clean and consistent data
interface. The following section builds on this foundation by exploring how this principle
is embedded within the larger software architecture of the VCU, detailing how tasks are
scheduled, threads are isolated, and control logic is structured around this shared state.

3.3 VCU Software Architecture

This section describes the layered architecture of the Vehicle Control Unit (VCU) de-
veloped for an electri ed o -road vehicle. The software system is implemented using a
modular, Qt-based embedded framework and interfaces with various vehicle subsystems
over a CAN bus network. The architecture is illustrated in Figure 3.2.



Figure 3.2: VCU Architecture

21



22
3.3.1 Vehicle CAN Network Layer

At the foundation of the system lies the Vehicle CAN Bus , operating at 500 kbps.
It connects essential vehicle subsystems such as the Power Distribution Unit (PDU),
Vehicle Interface Gateway (VIG), four High Voltage Logic Power modules (HVLP x4),
Onboard Charger (OBC), and the Editron inverter. These hardware components com-
municate using J1939 messages transmitted over the CAN network. The VCU serves
as the central coordinator, interfacing with each module to monitor state, exchange
commands, and manage system-level behavior.

3.3.2 Embedded Runtime and Libraries

The VCU software runs on a Linux-based embedded platform, built with Qt for Em-
bedded Linux . This environment supports Ul rendering and backend processing. At
its core, the software uses several key libraries:

A~

QCanBusAbstracts CAN interface and enables message transmission and recep-
tion.

QCanDbcFileParser: Parses DBC les to extract message and signal structure.

~

QSqglDatabase Manages con guration data and optional logging functionality.

" gpiod: Interfaces with GPIOs for low-level control or safety IO requirements.

These libraries form the backbone of communication and hardware abstraction, en-
abling the upper layers to remain modular and platform-independent.

3.3.3 Functional Modules

Above the library layer are the core functional modules responsible for processing
CAN messages. Functions likeEncodeSignal and DecodeSignal convert between raw
byte arrays and physical signal values. Safety-related messages are handled separately
through dedicated modules like Safety Header Message and Safety Data Message,
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ensuring that safety-critical data adheres to the expected format and timing require-
mentst . These functions are tightly integrated with the DBC parser and CAN interface
libraries.

3.3.4 Business Logic Layer

The business logic layer manages runtime behavior of the vehicle's CAN communica-
tion. The CanMessageSendeand CanMessageReceivermodules handle transmission
and reception of J1939 messages in periodic and event-driven modes. A centralized
DataVector memory structure maintains the latest values of all relevant signals, act-
ing as a thread-safe abstraction between raw CAN data and higher-level logic or Ul
interactions.

3.3.5 User Interface Layer

The topmost layer is the User Interface (Ul) , which enables users to interact with
the system in real-time. It consists of several modular tabs:

~ Controls Tab : Sends commands to actuators and vehicle subsystems.
~ Dashboard Tab : Displays live vehicle states and performance metrics.
" ECU Setup Tab : Allows con guration of electronic control units.

" CAN Data Tab : Visualizes raw and decoded CAN trac.

Debug Tab : Provides system status, fault diagnostics, and developer tools.

The Ul is tightly coupled with the DataVector , enabling real-time visualization and
interaction with signals processed by the business logic.

3.3.6 DBC Integration and Modularity

At the highest abstraction, the DBC File acts as the source of truth for message
structures, signal encoding rules, and communication de nitions. While each component
de nes the messages it transmits or expects through its own DBC speci cation, these

! For a detailed explanation of Safety Header and Safety Data Messages, see Appendix A.7
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are merged into a single combined DBC le that the system uses at runtime. This
uni ed le is parsed using the QCanDbcFileParser and leveraged across all layers of the
stack|from encoding/decoding logic to Ul display formatting. This design decouples
the implementation from hardcoded message formats and enables easy migration to
other platforms by simply replacing the combined DBC le.

3.4 Signal-Slot Communication Mechanism

The application relies heavily on Qt's signal-slot mechanism to facilitate asynchronous
communication between components. This design promotes modularity and clean sep-
aration between message acquisition, processing, and data management. Figure 3.3
illustrates the interaction between di erent classes involved in this mechanism.
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Figure 3.3: Signal-Slot Mechanism

3.4.1 Periodic Signal Updates Using QTimer

The QTimerclass is used to trigger periodic actions within the application. Two separate
timers are instantiated: one with a timeout interval of 200 ms and another at 1000 ms.
These timers are connected to relevant processing slots using Qtsonnect function.
Speci cally, the 200 ms timer is connected to the SignalValueMap::updateDiction-
aryValue() slot, which is responsible for refreshing the signal values maintained in a
central dictionary structure. Meanwhile, the 1000 ms timer updates the system times-
tamp by invoking TimeManager::updateTime() .
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3.4.2 CAN Frame Handling with CanWorker

Incoming CAN frames are handled by theCanWorkerclass. Once a frame is received and
processed internally, theframeProcessed signal is emitted. This signal is connected to
the processFrames() slot of the SignalValueMap class. The connection enables decou-
pling of frame acquisition from decoding and interpretation, allowing signal processing
to be modular and scalable. Additionally, CanWorkercontains internal slots like slotl
for specialized frame-speci ¢ operations.

3.4.3 Centralized Signal and Time Management

The SignalvValueMap class acts as the central data structure for storing and updat-
ing decoded signal values. It exposes two public slotsupdateDictionaryValue()  for
time-triggered updates, andprocessFrames() for event-driven updates upon frame re-
ception. These slots ensure the signal values re ect both time-based changes and new
incoming CAN data. Similarly, the TimeManagerclass maintains global time synchro-
nization and receives periodic triggers viaupdateTime() , which ensures that time-based
logic across the application remains consistent.

3.4.4 Slot Connections
The entire mechanism is held together by three primary signal-slot connections:

~

connect(QTimer, Timeout (200ms), SignalValueMap, updateDiction-
aryValue)

~ connect(QTimer, Timeout (1000ms), TimeManager, updateTime)
" connect(CanWorker, frameProcessed, SignalValueMap, processFrames)

These connections re ect a clean and reactive architecture where timers and worker
threads push data into a centralized repository, keeping the Ul and control layers re-
sponsive and updated with the most recent information.
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3.5 VCU Execution Flow

The VCU software follows a structured execution ow from initialization to runtime op-
eration and shutdown. The core logic is organized around modular components that in-
teract via message structures, timers, and CAN signals. Figure 3.4 presents an overview
of this ow.

Figure 3.4: VCU Software Flowchart
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3.5.1 Initialization Phase

The system begins with the Start block, triggering initialization of key structures such
as theDataVector memoryand CAN message structures. This memory abstraction acts
as the backbone of inter-module communication, storing all signal states in a thread-safe
manner. Next, the DBC File is loaded and parsed to extract signal de nitions, frame
formats, and scaling rules used throughout the application.

3.5.2 Component Instantiation and Setup

After parsing the DBC le, the system generates internal data structures representing
the CAN messages and signals de ned in the network. This includes message identi ers
(e.g., PGNs and source addresses in J1939), signal names, byte o sets, bit lengths, scal-
ing factors, units, and value ranges. These parsed structures are used to dynamically
encode outgoing signals and decode incoming raw CAN frames in real time. For each
received CAN message, its identi er is matched against the DBC-derived message def-
initions, allowing the system to extract and update corresponding signal values. This
parsing step enables exible handling of protocol changes and simpli es integration with
new ECUs by eliminating the need for hardcoded message formats.

Building upon this parsed information, the system proceeds to instantiate multiple
core components are instantiated and con gured. These include:

TimeManager{ maintains and synchronizes global system time.

MainController { orchestrates vehicle-level logic and high-level state transitions.
TimeDateResponder (CAN Rx{ responds to external time sync messages.
TreeModel { organizes signal values in a hierarchical structure for Ul display.
DatabaseManager{ manages con guration and logging database access.
CanMessageSender (CAN TX)sends CAN frames periodically.

LogManager{ records system activity and faults.

DelayedGPIO{ manages delayed actuation logic based on timers or conditions.
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SignalValueMap is also instantiated and acts as the central signal repository. It

interacts with all runtime logic including CAN message processing, GUI updates, and
safety checks.

3.5.3 Conditional Flow and State Handling

During runtime, two main decision blocks control the ow. First, a check for PowerO
determines whether the system should shut down. If power-o conditions are met, the
system transitions to the Stop block, halting all operations gracefully.

Another critical decision point is the Is SHM? (Safety Header Message) condition.
Based on this check, the system sends only the SDM (Safety Data Message) or both
SHM (Safety Header Message) and SDM according to their de ned cycle times. This
logic ensures that safety-critical messages adhere to communication timing and protocol
constraints.

3.5.4 Runtime Operation and Monitoring

Once all components are active, the system continuously monitors signal values, handles
CAN Rx/Tx, and logs activity. ~CanMessageSendepperates cyclically, pushing out
vehicle state or control commands. SimultaneouslySignalValueMap is updated with
newly received frames and shared with other components, including Ul, safety logic,
and data loggers.

3.5.5 Shutdown Sequence

If a power-o condition is detected (due to shutdown command, safety fault, or external
signal), the VCU stops all real-time tasks and enters theStop state. This ensures that
CAN communication is halted, GPIOs are set to safe states, and all log data is safely
stored.

3.6 Timed Message Transmission Logic

To ensure timely and deterministic communication over the CAN bus, safety-critical
messages must be transmitted at prede ned cycle times. Algorithm 2 illustrates a



30
time-based scheduling mechanism used to send messages de ned in the Safety Header
Message (SHM) list. Each message contains its own unique cycle time, which governs

the interval at which it must be transmitted.
Algorithm 2:  Timed Message Sending Based on Cycle Time
Input : A list of messages with their cycle times in SHM

Output: Messages sent at their respective cycle times

Initialization:

=

2 foreach m 2 messagesdo
3 if m:SHMs not empty then

I

t nextSendTimegm:id]  current time

[é)]

Runtime Loop:

6 how  current time

7 foreach m 2 messagesdo

8 if now nextSendTimem:id ] then

L SendMessagef)

©

10 nextSendTimgm:id] nextSendTimem:id ] + m:SHN0].cycleTime

The algorithm is divided into two phases: initialization and runtime operation.
During initialization, the next scheduled send time for each message is set to the current
system time, assuming it contains an SHM entry. During the runtime loop, the system
continuously checks whether each message has reached its scheduled send time. If so,
the message is sent using th&endMessagdunction, and its next send time is updated
by adding the de ned cycle time. This ensures messages are sent at precise intervals
without drift.

While this logic is centered around SHM scheduling, the same timing control ap-
plies to the corresponding Safety Data Messages (SDMs), which must follow the SHM
within a de ned time delta to maintain J1939-76 compliance. The framework ensures
both messages are synchronized and transmitted deterministically within their required
cycles. This mechanism integrates seamlessly into the main control loop of the VCU,
providing predictable message delivery for critical vehicle functions.
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3.7 Qt for Embedded Framework

The development of the Vehicle Control Unit (VCU) dashboard and J1939 CAN commu-
nication logic is based onQt for Embedded , speci cally using the Qt for Automotive
stack. This embedded framework is tailored for running multi-threaded applications on
resource-constrained platforms and integrates key libraries that simplify the handling
of CAN communication, user interface rendering, and hardware abstraction.

As illustrated in Figure 3.5, the architecture includes a CAN network connecting
multiple electronic subsystems: a high-voltage battery pack (800V), the Vehicle Inte-
gration Gateway (VIG), a Raspberry Pi-based VCU, and an On-Board Charger (OBC).
Each of these is implemented as a CAN node with its own Electronic Control Unit
(ECU). The vehicle CAN bus operates at a baud rate of 500 kbps, with the VIG fol-
lowing the J1939-76 application layer protocol. According to this protocol, the VCU
(Raspberry Pi) must rsttransmita Safety Header Message (SHM) , which includes
the message number and checksum. This is then followed by Safety Data Message
(SDM) that carries time-critical parameters such as cruise control commands, voltage
limits, and high-voltage status.

Once the SHM and SDM are sent, the VIG responds with battery and cell-level data,
including voltage, current, power, state of charge (SOC), and state of health (SOH). The
VCU reads voltage and current limits from the VIG and forwards them to the OBC ECU.
The charger responds with details like output voltage, current, internal temperature,
and fault conditions. This round-trip data exchange ensures tight coordination between
all powertrain components, a necessity in an electri ed vehicle system.

The third block in the framework diagram represents a generalized abstraction that
allows new ECUs to be added dynamically. Through the Qt-based dashboard interface,

users can add new signal entries via a grid-based Ul. Each new signal can be assigned a

cycle time and live value, which is then used by the system to handle message encoding
and CAN transmission. This user-driven expansion capability enhances the modularity
and scalability of the overall architecture.
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Figure 3.5: Qt Framework

3.7.1 CAN Ul Framework Development Using Qt for Embedded

The CAN-based user interface, which facilitates interaction with the vehicle's control
and monitoring system, is entirely developed using Qt for Embedded. This framework
provides a compact, e cient runtime environment tailored for embedded Linux plat-
forms such as the Raspberry Pi. It oers developers the exibility to build custom
graphical interfaces while tightly integrating application logic, hardware 1/O, and real-
time CAN communication. The entire development and deployment process is shown
in Figure 3.6, which outlines the work ow from source code to on-device execution.
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Figure 3.6: Qt for Embedded Development and Deployment Work ow

The development process begins with setting up the build environment using the
Yocto Project[14], a powerful toolchain designed to create custom Linux distributions
for embedded systems. The base Raspberry Pi image provided by the meta-raspberrypi
layer is extended to support all required dependencies. Since the default image lacks
GPIO and some specialized hardware control features, the build con guration must be
manually adjusted. This involves modifying BitBake recipe les (.bb) to include libraries
such as the GPIO control module and declaring their dependencies explicitly within the
build system. These additions ensure that when the image is built, it includes support
for both Ul-level interactions and low-level hardware access.

After all necessary packages are con gured, the image is compiled using BitBake.
This compilation step builds the Linux kernel, device drivers, Qt libraries, and any
additional modules required by the VCU application. The build process is compute-
intensive and may take several hours to complete depending on the capabilities of the
host machine. Once the image is successfully compiled, it is ashed onto the Raspberry
Pi. The result is a bootable system image that includes the full Qt runtime, CAN bus
support, GPIO handling, and any other custom functionalities integrated during the
build.

During application development, Qt Creator[15] serves as the primary integrated
development environment. It supports live development by enabling source-level de-
bugging and rapid deployment over a wireless connection. User interface components
are designed using Qt Designer, a visual tool for building responsive dashboards and
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input controls. Meanwhile, application logic is implemented in C++ and tightly cou-
pled with Qt's signal-slot architecture, allowing seamless communication between Ul
elements and backend processes. Changes to the Ul or logic can be tested directly on
the Raspberry Pi without requiring a full image rebuild, which signi cantly accelerates
development and debugging.

The framework also integrates key Qt libraries for handling CAN communication.
The QCanBudibrary abstracts the lower-level CAN interface and provides a consistent
API for reading and writing frames. Paired with QCANDBParsewhich parses DBC les
to extract signal de nitions and frame layouts, these libraries enable e cient encoding
and decoding of J1939 messages within the application[16]. This allows the dashboard
to display real-time decoded data from the vehicle while also letting users or control
logic send commands over the CAN bus using structured messages.

Overall, this development strategy|combining Qt for Embedded[17], Yocto-based
image customization, and live deployment through Qt Creator|results in a responsive,
extensible, and production-ready HMI (Human-Machine Interface) tailored for o -road
electri ed vehicles. It simpli es complex work ows like integrating new ECUs, extending
CAN signals, and updating rmware, all while maintaining a consistent and intuitive
interface for vehicle operators and developers alike.

3.7.2 Thread Coordination and State-Based Logic

The VCU software architecture is based on multi-threaded execution where communi-
cation threads operate independently yet remain synchronized through shared memory
and event-driven logic. Two core threads|one for transmission and one for recep-
tion|run concurrently and interact through a centralized data structure known as the
dataVector . In addition to this, a JSON-de ned nite state machine (FSM) governs
the conditional logic for updating signals, interpreting frame data, and determining
state transitions.

The transmit thread , implemented within the CanMessageSendemodule, is re-
sponsible for continuously sending CAN messages at prede ned cycle times. For every
message that is due to be transmitted, the sender reads the corresponding signal values
from the dataVector . If any state-based rules are de ned in the FSM con guration, the
sender dynamically selects signal values or alters frame contents based on the current
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system state or ags.

The receive thread , handled by the CanMessageReceiver(particularly the proce-
ssFrames() function), listens for incoming CAN frames in real-time. Upon receiv-
ing a frame, the thread matches its CAN ID with signal de nitions parsed from the
DBC le. Additionally, it references the FSM JSON con guration to apply conditional
logic|updating signal values only when speci ¢ criteria are met. These criteria may
include value thresholds, Boolean ags, or current FSM state.

3.7.3 Example Work ow Using JSON-Based State Logic

To illustrate the integration of state transitions, consider the following scenario: a

CAN frame with ID Ox18EF21F3is received. Based on the current FSM state (e.g.,
Operational ) and additional signal ags stored in the dataVector , the system selec-
tively decodes and updates signals. This logic is governed by JSON-de ned transitions
such as:

f
"state": "Operational™,
"transitions": |
f
"condition": f
"frameld": "Ox18EF21F3",
"dataVec[5].value": 0
g,
"actions": |
f
"signal”: "VIC.PropA_C3 PGN61184.UChLimLong",
"targetindex": 3

"signal”: "VIC.PropA_C3 PGN61184.IChLimLong",
"targetindex": 4
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Listing 3.1: Example State Transition Con guration in JSON

This JSON con guration instructs the system to update indices 3 and 4 of the
dataVector only if the frame ID matches and a certain condition (e.g.,dataVec[5].va-
lue == 0) is satised. The decoding logic uses theSignalValueMap to retrieve the
corresponding signal values and commit them to memory.

Functionally, this work ow captures a critical communication task: reading the bat-
tery's voltage and current charging limits |specically UChLimLongand IChLim-
Long from the VIG, and updating them in the centralized memory structure. These
values are then forwarded to the On-Board Charger (OBC) by the VCU to con gure
the charging parameters in real time.

The same work ow can be expressed programmatically as shown in Algorithm 3:

Algorithm 3:  Frame Decoding with State-Based Logic fromSignalValueMap
Input : A CAN frame, vector dataVec, and signalValueMap with keys as

““node.message.signal"
Output: Updates to dataVec[3] and dataVec[4] based on FSM logic

=

if frame.frameld() = O0x18EF 21F 3 and dataVec[5]:value =0 then

2 if "VIC.PropA _.C3PGN61184.UChLimLong"2 signalValueMap then
3 dataVec[3]:value

signalValueMap[ "VIC.PropA _C3PGN61184.UChLimLong"]

4 if "VIC.PropA _C3PGN61184.IChLimLong" 2 signalValueMap then
5 dataVec[4]:value
signalValueMap[ VIC.PropA _C3PGN61184.IChLimLong"]

Once these values are stored in memory, th€anMessageSendethread, upon reach-
ing the corresponding message cycle time, reads the updated signal values from the
dataVector , encodes them using the appropriate signal de nitions, and transmits the
frame. This seamless coordination between the receive and transmit threads|mediated
through memory and state-driven logic|ensures that the system remains synchronized
and reactive to changing vehicle conditions.

In essence, the JSON FSM enables clean separation of behavior rules from C++
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code, allowing easier modi cation of transition logic without recompiling. It also sup-
ports scalable, event-driven updates across various CAN IDs and signal groups, while
maintaining a deterministic real-time communication loop.

For a detailed example of how the FSM logic is implemented in JSON and integrated
into the VCU communication work ow, refer to Appendix C.2.

3.8 Chapter Summary

In this chapter, the complete system architecture for the electried o -road vehicle
was presented, emphasizing the modular integration of hardware components and a
scalable software communication framework built around the J1939 CAN protocol. The
Vehicle Control Unit (VCU) was shown to be the core orchestrator, handling real-
time messaging, safety logic, and subsystem coordination through a uni ed, DBC-based
interface.

The design also incorporated a JSON-driven, condition-based nite state machine
(FSM), which enabled event-based control logic for start-up, charging, and shutdown
processes. This modular structure was critical for ensuring system exibility, code
reusability, and testability across both HIL and real-vehicle environments.

In the following chapter, we shift focus to the design and implementation of the
human-machine interface (HMI) developed using Qt. This dashboard played a crucial
role in interacting with the underlying system, enabling real-time control, status vi-
sualization, and message triggering via CAN. The chapter covers both the Ul design
philosophy and the backend integration with the embedded framework described here.



Chapter 4

Dashboard Design and
Implementation

4.1 Chapter Overview

This chapter describes the design and implementation of a Qt-based dashboard inter-
face developed for the electri ed compact track loader. Acting as the human-machine
interface (HMI), the dashboard enables real-time monitoring, control, diagnostics, and
visualization of all relevant CAN signals across vehicle subsystems. The dashboard is
built using the Qt framework with QML for frontend components and C++ for backend
logic. Qt Creator and Qt Designer were used during development for e cient Ul de-
sign, code integration, and deployment to the Raspberry Pi-based Vehicle Control Unit
(VCU), which interfaces with a touchscreen display for operator interaction.

4.2 Dashboard Features and Work ow

4.2.1 \Vehicle Dashboard Ul Design

The dashboard is organized into ve main tabs|Vehicle, Dashboard, ECU Setup, CAN
Data, and Debug|each serving a distinct purpose in the vehicle's operation and diag-
nostics. These tabs are implemented as modular QML components dynamically loaded
by the main Ul controller. The modularity allows seamless switching between interfaces
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and supports future extensibility for new features.

4.2.2 Control Screen

Figure 4.1: Vehicle Tab { Start/Stop and Charging Controls

The Vehicle tab provides key system-level controls (Figure 4.1). It allows the operator
to initiate the battery start sequence, which in turn triggers periodic CAN initialization
messages, such as Cruise Control and HVES Control PGNs, to keep the battery and
VIG active. Additionally, toggles are provided for initiating AC and DC charging based

on operational mode. These commands are translated into appropriate J1939 messages
with speci ¢ signal values, ensuring that the high-voltage system behaves safely and
predictably.

The interface also displays critical status indicators such as fault codes, crash sta-
tus, battery state of charge (SOC), and permission-to-close conditions. These updates
re ect real-time feedback from the VIG and other ECUs, helping the user verify correct
sequence execution before attempting to engage drive mode or enable charging. This
tab acts as the primary control center for core energy-related operations.
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4.2.3 Dashboard Screen

Figure 4.2: Dashboard Tab { Live Dials and Grid Display

The Dashboard tab is designed to provide live visualization of the most important
electrical parameters (Figure 4.2). At the center are two responsive dials that display
battery voltage and battery current in real time. Additional key metrics, such as power
(in kilowatts), are also shown as decoded signals from the CAN network. These values
are obtained directly from VIG and battery PGNs and are updated dynamically based
on incoming CAN frames.

To complement the dials, the right-hand side features a live-updating signal grid
that shows values such as battery temperature, HVIL (High Voltage Interlock Loop)
status, contactor state, and various internal diagnostic counters. These values help
operators and developers monitor operational health at a glance while also enabling
real-time veri cation of safety-related data.

All data displayed in this tab follows the same architectural principle based on
Qt's signal-slot mechanism. The backend maintains a centralizedSignalvValueMap,
where each signal is stored using a standardized key formatnode.message.signal .
This structure makes it straightforward to display or update any signal in the Ul with
minimal additional logic. By referencing a signal using its key, the dashboard remains
fully modular and can easily accommodate new signals or PGNs without requiring
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