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This thesis explores the integration of high-fidelity EV powertrain models with detailed vehicle and
motor control dynamics using a co-simulation approach between Typhoon HIL and IPG CarMaker.
Central to this work is the application of hardware-in-the-loop (HIL) techniques, with a specific focus
on the HIL 604 platform, enabling real-time emulation of electric motors, converters, and associated
control systems with unparalleled precision. Concurrently, [IPG CarMaker enhances the simulation
by modeling detailed vehicle dynamics, including tires, chassis, road interactions, and autonomous
driving functionalities. This co-simulation methodology bridges the gap between component-level
and system-level testing, offering insights into the dynamic interplay between powertrain
components and vehicle behavior under various real-world scenarios. By leveraging the HIL 604
platform alongside cutting-edge simulation frameworks, this thesis contributes to the development
of robust testing platforms for electric vehicles, with potential applications extending to electric

trucks, motorcycles, and specialized industrial vehicles in diverse environments.
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SYMBOLS

Roman Characters:

V: Voltage (V)

I: Current (A)

Greek Characters:

yas: Alpha axis component of the stator flux (Wb)
yPs: Beta axis component of the stator flux (Wb)
yar: Alpha axis component of the rotor flux, referred to the stator (Wb)

yPr: Beta axis component of the rotor flux, referred to the stator (Wb)

Electrical Quantities:

ias: Alpha axis component of the stator current (A)

ips: Beta axis component of the stator current (A)

iar: Alpha axis component of the rotor current, referred to the stator (A)
ipr: Beta axis component of the rotor current, referred to the stator (A)
vas: Alpha axis component of the stator voltage (V)

vPs: Beta axis component of the stator voltage (V)

var: Alpha axis component of the rotor voltage, referred to the stator (V)
vPr: Beta axis component of the rotor voltage, referred to the stator (V)
Rs: Stator phase resistance (£2)

Rr: Rotor phase resistance, referred to the stator (€2)



ABBREVIATIONS

HIL: Hardware-in-the-Loop

ECU: Electronic Control Unit

EVs: Electric Vehicles

MBSE: Model-Based Systems Engineering
C-HIL: Controller-Hardware-in-the-Loop
GDS: Gate Drive Signals

PWM: Pulse-Width-Modulated

DUTs: Devices Under Test

CPUs: Central Processing Units

FPGAs: Field-Programmable Gate Arrays
SIL: Software-in-the-Loop

BMS: Battery Management Systems
ADAS: Advanced Driver-Assistance Systems
SOC: State-of-Charge

BEV: Battery Electric Vehicle

FOC: Field-Oriented Control

PCM: Programmable Control Module
IFOC: Indirect Field-Oriented Control

CAN: Controller Area Network
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1 Introduction

1.1 Background and Context

Hardware-in-the-Loop (HIL) testing has a long history rooted in high-technology industries,
emerging as a critical tool for the validation and development of complex systems. Initially,
HIL systems were predominantly utilized in defense and aerospace industries, where the
high stakes of flight control and missile programs, such as the Sidewinder project and
NASA’s HIMAT initiative, demanded robust and confidential testing environments. These
systems allowed engineers to emulate real-world conditions while maintaining high-quality

standards and addressing the confidentiality of applied technologies. (Ilkiv et al., 2019)

The rising complexity of modern automotive systems, especially with the advent of electric
and autonomous vehicles, necessitates advanced testing methodologies that ensure
robustness and reliability. In-vehicle testing, while comprehensive, involves significant
logistical and financial challenges. It requires the physical availability of vehicles, extensive

test tracks, and operational scenarios that are difficult or unsafe to replicate consistently.

Real-time vehicle simulation offers a transformative alternative. This approach integrates
hardware-in-the-loop systems to emulate vehicle dynamics, sensors, and actuators, enabling
the validation of electronic control unit (ECU) without the need for physical prototypes.
Using real-time simulation, developers can model a wide array of operating conditions, from
extreme temperatures to rapid acceleration, and analyze the ECU's performance under these

conditions. (Mouzakitis et al., 2009)

Reducing development costs, improving testing cycles, and performing repeatable tests
under controlled scenarios are some of the key advantages of real-time simulation. It makes
sure vehicle can be tested for fault condition, edge case, and unexpected input—scenario
that is often very difficult or dangerous to test for in unit test. Hence, the real-time simulation
speeds up the product design process and improves the reliability and safety of automotive

systems before deployment.
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1.2 Purpose

The purpose of this thesis is to explore and develop a comprehensive co-simulation
framework for testing electric vehicles (EVs) by integrating high-fidelity powertrain models
on Typhoon HIL 604 with detailed vehicle dynamics in IPG CarMaker. Specifically, this

research aims to achieve the following objectives:
e Cover various aspects of EV development through real-time simulation.

o Enable fault injection on the Typhoon HIL platform, simulating critical scenarios

such as inverter faults.

o Combine fault simulations on Typhoon HIL and SCADA with vehicle dynamics

simulations in IPG CarMaker.

e Observe vehicle dynamics responses on the road, resulting from specific component-

level faults, such as those in the inverter.

e Explore the potential to build and simulate detailed EV components, including
motors and electric drives, on Typhoon HIL, with the ability to inject faults in these

arcas.

This research seeks to provide insights into the practical implementation of HIL-based

testing for EVs, improving the efficiency, reliability, and safety of the development process.

1.3 Research Questions

This study is guided by the following research questions:

1. How can Typhoon HIL 604 and IPG CarMaker be effectively integrated to test

multiple aspects of EV development?

2. What are the capabilities of Typhoon HIL in fault injection and its impact on system-

level behavior as observed in CarMaker?

3. How does the co-simulation framework handle fault scenarios such as inverter faults,

and what are the resulting vehicle dynamics responses?
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4. What are the possibilities and challenges of modeling EV drivetrain in Typhoon HIL

for fault testing?

By addressing these research questions, this thesis aims to establish a robust framework for
EV testing using HIL technologies, contributing to advancements in the field of EV

drivetrain development and validation.

1.4 Thesis Structure

This thesis is organized into seven comprehensive chapters, each serving a specific purpose:
Chapter 1: Introduction

This chapter introduces the study topic, outlines the problem statement, and formulates the
research questions and objectives. It highlights the scope and significance of the research

while providing an overview of the thesis structure.
Chapter 2: Background and Literature Review

This chapter delves into the historical and technical development of hardware-in-the-loop
testing, with a focus on its applications in the automotive industry. It reviews relevant
literature on HIL systems, electric vehicle testing frameworks, fault injection techniques,
and co-simulation approaches, establishing a theoretical foundation for the study and

identifying research gaps.
Chapter 3: Methodology

The methodology chapter details the framework used to integrate Typhoon HIL 604 and IPG
CarMaker for co-simulation. It describes the experimental setup, hardware configuration,
software implementation, and data acquisition methods. The metrics for evaluating the

impact of faults and system responses are also explained in detail.

This chapter also focuses on the implementation of the co-simulation framework, elaborating
on the process of fault injection on Typhoon HIL and the integration of real-time vehicle
dynamics in IPG CarMaker. It includes step-by-step details of how faults, such as inverter

malfunctions, are simulated and how the corresponding vehicle behavior is observed.
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Chapter 4: Results and Analysis

This chapter presents the results obtained from the co-simulation tests. It analyzes the
outcomes of fault injection scenarios, highlighting the responses of the vehicle dynamics in
IPG CarMaker. Additionally, it discusses the implications of the findings for real-world

electric vehicle development and testing.
Chapter 5: Conclusion and Future Work

This chapter summarizes the key contributions and findings of the research. It reflects on the
study’s limitations and offers recommendations for future work, such as expanding the
framework to include additional fault scenarios, component modeling, or applications in

other industries like aerospace or heavy-duty vehicles.
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2 Literature Review

While this chapter summarizes the research conducted about hardware-in-the-loop systems,
co-simulation frameworks, and their applications on electric vehicles testing. It delves into
fault injection methodologies, real-time simulation methods and vehicle dynamics
modelling. This chapter also provides a theoretical base in support of the research aims of
the thesis and describes where gaps in knowledge exist in both the high-fidelity powertrain

emulation and system-level vehicle testing frameworks.

2.1 Hardware in the Loop

Hardware-in-the-Loop testing has become a critical tool in addressing the challenges posed
by the increasing complexity of power-electronics-based systems. As industries such as
automotive, aerospace, and energy transition toward more efficient, decentralized, and
sustainable solutions, HIL simulations offer a reliable and cost-effective method to design,
validate, and optimize intricate systems. By integrating real-time simulation with physical
hardware, HIL provides a platform for closed-loop, model-based automated testing, enabling
the early detection of design flaws and reducing development time and costs. It is particularly
valuable in applications involving highly dynamic switching converters, advanced digital
control systems, and complex communication architectures, as it ensures high-quality and
economically viable solutions that adhere to strict operational requirements. Typhoon HIL,
a leader in this domain, has developed high-fidelity real-time emulators that support model-
based development and test-driven design, facilitating the seamless integration and
validation of hardware and software components. These tools have been instrumental in
accelerating innovation in electric vehicles, microgrids, motor drives, and renewable energy
systems, proving their efficacy in ensuring system performance, security, and reliability
throughout the development lifecycle. (Liserre et al.2010;O0s6rio et al.2021;Chemali et
al.2016; Rommel2019; Xu et al. 2021).
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For many years, control system testing relied on physical prototypes, which were often time-
consuming, costly, and limited in flexibility. Traditional testing methodologies, like those
following the V-model, delayed testing until later stages of development, leading to
inefficiencies. Model-Based Systems Engineering (MBSE) has transformed this process by
enabling virtual modeling and simulation, replacing physical prototypes in various phases of
the development cycle. Among MBSE approaches, Hardware-in-the-Loop testing has
proven particularly effective, bridging the gap between virtual and physical systems. Within
HIL, Controller-Hardware-in-the-Loop (C-HIL) stands out as a cost-effective and safe
methodology for testing control hardware and software in real-time simulations, even before
physical prototypes are available. By integrating physical controllers with high-fidelity
virtual plant models, C-HIL enables closed-loop testing, uncovering performance and
integration issues early in the development cycle. The approach also allows for iterative
improvements, lifecycle maintenance, and quality assurance while mitigating risks
associated with destructive or hard-to-replicate test scenarios. Leveraging these capabilities,
Typhoon HIL offers comprehensive solutions for C-HIL testing, supporting real-time
simulation and automation, thereby enhancing flexibility, reducing costs, and improving the
fidelity of control system validation in applications such as electric vehicles and power
electronics. This thesis employs the Typhoon HIL toolchain to explore advanced C-HIL
applications in electric vehicle powertrain testing, ensuring reliable and efficient system

validation. (Dinavahi et al. 2001; Veki'c et al. 2012; Khan et al. 2017).

2.2 Model-Based System Engineering and HIL Testing

Figure 1 illustrates the system development lifecycle within the context of Model-Based
Systems Engineering and the traditional V-model approach. This lifecycle emphasizes a
structured and iterative process for system development, starting from specification and

design to development, verification, and commissioning. (Mani et al., n.d.)

The MBSE methodology integrates model-based specification, design, development,
verification, and commissioning, offering a streamlined framework to address demanding
technical requirements, tight delivery deadlines, and the high cost of potential penalties. This

approach enables teams to utilize virtual models throughout the development stages,
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allowing exhaustive simulations in a controlled environment to reduce costs and save time

while ensuring quality and compliance with stringent standards. (Badini and Verma 2019)

The V-model, as depicted in the figure, illustrates the hierarchical structure of system
validation and testing. It progresses through system, subsystem, and component levels,
ensuring that all aspects of the development cycle are validated thoroughly. The left branch
of the V-model focuses on the specification, design, and development of the system, while
the right branch is dedicated to verification and commissioning. This alignment ensures that

every level of the system meets its intended requirements and functionalities.

The lifecycle not only speeds up development with the adoption of MBSE and the V-model,
but iteratively designing, building, and testing with MBSE and the V-model improves
flexibility and security. Within this thesis, this framework is involved for validating the co-
simulation configuration between Typhoon HIL 604 and IPG CarMaker in a tight integration
and testing for electric vehicle scenarios.

Demanding technical requirements

Tight delivery deadlines
High cost of penalties

MBSE Model based Model based Model based Model based Model based Model based
Specification Design Development Verification Commissioning Documentation, Maintenance,
Specification Design Development Verification Commissioning Documentation, Maintenance,

"

A 4

/ System level
Absystem level

V-model
i Component level
time

Figure 1 V-model: graphical representation of MBSE applied in different steps of the development cycle (Typhoon HIL
Academy.)

2.3 About Typhoon HIL

Typhoon HIL Inc., established in 2008, has positioned itself as a global leader in ultra-high-
fidelity Controller Hardware-in-the-Loop technology, providing state-of-the-art solutions
for real-time simulation of power-electronics-based systems (Mani et al., n.d.). Real-time

simulation of such systems, including microgrids, electric vehicle drivetrains, and shipboard
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power systems, is inherently challenging due to the complexity of switching converters
operating at ever-increasing frequencies, driven by advancements in semiconductor
technologies. Achieving accurate real-time simulation of these systems requires very short
simulation time steps, high-resolution sampling of switch gate drive signals (GDS),

advanced computational capabilities, and ultralow latency (Mani et al., n.d.).

Real-time simulation of power-electronics-based systems, such as microgrids, electric
vehicle drivetrains, and shipboard power systems, presents unique and complex challenges.
These systems often include switching converters that operate at increasingly high
frequencies, driven by advances in semiconductor technologies. Accurately simulating these
switching effects requires extremely short simulation time steps, high-resolution sampling
of gate drive signals , advanced computational capabilities, and ultra-low latency. The
combination of these requirements makes power electronics applications some of the most
demanding for real-time, high-fidelity simulation (Abdelrahman, Algarny, and Youssef,
n.d.)

2.4 Real-Time Simulation Challenges

Real-time simulation devices function in discrete time and typically use fixed-step linear
solvers. For efficient handling of switching dynamics, these systems often adopt a piecewise
linear approach. In this method, power converters are modeled using ideal switches, where
each possible switch configuration corresponds to a time-invariant linear state-space model,
or "mode." (Mani et al., n.d.)During each simulation time step, a single mode is applied, and
the simulation dynamically transitions between modes as the system evolves. This approach
avoids introducing non-physical behavior, which can occur in simplified equivalent circuit
models. Additionally, precomputing and storing system matrices in solver memory during
compilation significantly enhances computational efficiency. However, as the number of
switches increases, the number of possible modes grows exponentially, resulting in a
substantial increase in memory requirements and computational complexity (Abdelrahman,

Algarny, and Youssef, n.d.)

Another critical challenge arises from the synchronization between the simulation clock and
the controller hardware clock, particularly when using pulse-width-modulated (PWM)

signals. The asynchrony between the two clocks can lead to significant sampling errors in
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detecting the exact on-off transitions of PWM signals. If the sampling period of the PWM
signals matches the simulation time step, state transitions may only be detected during the
subsequent sampling, causing imprecise duty cycle detection and inaccurate simulation
results. While offline simulations can mitigate this issue by reducing the time step or
employing variable-step solvers, these solutions significantly increase execution time and
are impractical for real-time simulations, where model response calculations must adhere to

predefined time steps.

Real-time simulation requirements can be widely different from one application to the other.
As an example, fast-switching power converter simulations require time constants on the
order of nanoseconds, while microgrid models that are to test secondary or tertiary control
layers, may only need time constants of the order of minutes or hours. These diverse needs
demand customized modeling techniques and computational resources which, in turn, create

additional hurdles towards executing real-time simulations of complex systems.

However, apart from technical accuracy, real-time simulation devices should also offer
strong interfaces to cater to various devices under test (DUTs). Such devices need to
communicate with a few protocols and also connect multiple input/output efficiently while
remaining user-friendly. While the need to use real-time simulation for validating power
electronics and control systems continues to grow, the ability to meet these challenges is

necessary to deliver accurate, reliable and efficient development and test processes.

2.5 Typhoon HIL Real-Time Simulation Platform

Typhoon HIL offers a fully vertically integrated solution, combining state-of-the-art
hardware platforms with a complete software toolchain, to meet challenges of real-time
simulation of power-electronics-based systems. Comprising a new, unique technology stack
— combining application-specific processors, high-performance numerical solvers,
graphical model-building interface, and powerful testing automation into a single cost-

effective and user-friendly toolchain around Typhoon HIL Control Center.

Typhoon HIL simulators are designed specifically for high-fidelity, real-time Hardware-in-
the-Loop simulations of power electronics. Leveraging a hybrid architecture that combines

central processing units (CPUs) with field-programmable gate arrays (FPGAs), these



18

devices ensure high-speed, low-latency computation capabilities essential for accurate
simulations of dynamic and complex systems. The simulators achieve exceptional
performance through their application-specific, fully embedded compiler and programmable

hardware, making them scalable and flexible for various industrial applications.

The Typhoon HIL product lineup includes third- and fourth-generation devices, offering
varying levels of performance tailored to high-speed and high-frequency applications. Third-
generation models (e.g., HIL402, HIL602+, and HIL604) support simulation steps as short
as 500 ns with digital input resolutions of 6.5 ns, capable of handling switching frequencies
exceeding 100 kHz. For even higher fidelity, fourth-generation models (e.g., HIL404 and
HIL606) achieve simulation steps as low as 200 ns with digital input sampling resolutions
of 3.5 ns, ideal for advanced applications such as high-speed drives and DC-DC resonant
converters. The modular design of Typhoon HIL devices allows multiple units to be stacked

and interconnected, enabling seamless scalability for larger systems.(Mani et al., n.d.)

==y ==

HIL402 HIL404 HILE02+ HILE04
Generation a 47 3 a3
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Figure 2 Typhoon HIL devices line-up (Typhoon HIL Academy.)
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All Typhoon HIL devices share a common multi-processor architecture, including
proprietary multi-core FPGA solvers, system CPUs, and user CPUs. This architecture
ensures robust performance while maintaining flexibility and scalability. By providing these
advanced hardware capabilities alongside an integrated software ecosystem, Typhoon HIL
offers a reliable and efficient solution for real-time simulation, empowering engineers to
overcome the complexities of power electronics testing and validation. All Typhoon HIL
devices share a common multi-processor architecture, which contains a proprietary multi-

core FPGA solver, system CPUs, and user CPUs, as illustrated in Fig 2

2.6 IPG CarMaker

IPG CarMaker is a simulation software platform designed to provide the basis for vehicle
development practice at any stage of the development lifecycle, including Model-in-the-
Loop (MIL), Software-in-the-Loop (SIL), Hardware-in-the-Loop, and Vehicle-in-the-Loop
(VIL). In this Thesis, IPG CarMaker plays an important role for evaluating EVs dynamic
behavior & performance. The use of high-fidelity models for vehicle dynamics, powertrains,
and embedded software components in both physical and virtual environments helps to
provide end-to-end coverage across vehicle development phases from early design to

system-level validation.

CarMaker enables the early integration and testing of complex systems like Battery
Management Systems (BMS) and ADAS as modern EVs are increasingly defined by their
software. For example, CarMaker is enabling the automotive industry to calibrate and
validate state-of-charge (SOC) estimation algorithms for BMS via a virtual approach to
perform real driving scenarios and events for reliable BMS even before the building of
physical prototypes. This feature helps to accelerate development while lowering costs while

ensuring the final product is safer, and more efficient.

IPG CarMaker's photorealistic 3D visualisation tool, Movie NX, replicates real-world
environmental conditions including lighting, weather, road surfaces, times of the day, and
seasons. It features the same degree of realism that would allow testing Al algorithms and
software for autonomous driving functionalities and evaluating EV dynamics in different

and challenging scenarios. Furthermore, CarMaker’s adaptive driver models and scalable
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architecture enable the execution of reproducible and automated tests, which enhances the

reliability of simulation results.

CarMaker follows industry standards and provides comprehensive integration capability
with the existing toolchain, ensuring compatibility and flexibility in system validation
workflow. The modular approach it took makes it capable of parallel computing. This allows
for continuous integration and continuous testing processes to take place, which is

particularly useful in the modern vehicle development process.
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3 Methodology

The methodology of this thesis focuses on the development and implementation of a
comprehensive co-simulation framework that integrates Typhoon HIL 604 and IPG
CarMaker for the testing and validation of electric vehicle powertrains and vehicle
dynamics. The approach emphasizes real-time simulation and the analysis of the system-
level behaviors in diverse operational scenarios. This chapter details the experimental setup,
hardware and software configurations, fault injection possibilities, and evaluation metrics

employed in the study.

3.1 Experimental Setup in Typhoon HIL Schematic Editor

The co-simulation framework combines Typhoon HIL 604 and IPG CarMaker to simulate
high-fidelity powertrain models and detailed vehicle dynamics, respectively. The

experimental setup is structured as follows:

3.1.1 EV Powertrain Modeling in Typhoon HIL

Designing and developing a fully electric vehicle (battery electric vehicle, BEV) requires the
in-depth design and optimization of the electric powertrain. It is composed of vital systems
including the battery, power electronics, electrical motor, sensors, and the control system. It
1s necessary to practice advanced modeling and built-in simulation tools from the beginning
to lead an efficient and strong design process. These 2 tools are used to direct important

design decisions and enable system optimization.

In this work, we present a high-fidelity electric powertrain simulation platform created with
the in-house schematic editor developed by Typhoon HIL. Multiphasic modeling and
optimization is creating the environment by offering modeling of thermal, electrical, and
mechanical domains as part of the software to explore, optimize, and improve system

performance and reliability.
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3.1.2 Power system

The electric powertrain is a closed-loop system designed to efficiently convert electrical
energy into mechanical motion while adhering to driver inputs and environmental demands.
It primarily consists of a high-voltage battery, an inverter, an electric motor, and control

structures (Fig.3).
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Figure 3 Typical EV powertrain (Janiaud et al., 2009)

The battery provides the primary energy source, powering both the traction motor and
auxiliary high-power loads like air-conditioning and the low-voltage network. The inverter
is responsible for converting DC power from the battery into the AC power required by the
motor, using advanced control signals to manage the switching of transistors. The motor then
transforms electrical energy into mechanical torque to propel the vehicle. This process is
managed by a dual-layer control system, where the low-level control governs real-time
motor operations and the high-level control processes inputs such as pedal pressure and
speed demands from the driver. Together, these elements ensure smooth and responsive

vehicle operation, addressing a wide range of performance and efficiency requirements.
3.1.3 Simulation platform

The powertrain simulation platform is designed as a comprehensive tool for optimizing the
performance of an electric powertrain. It includes various models that capture the dynamic
and steady-state behavior of the system components, providing a multiphysics approach to
simulation. At its core, the platform features a dynamic battery model capable of simulating

voltage fluctuations, state-of-charge (SOC), and thermal effects during charging and
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discharging processes. This ensures an accurate representation of energy flow and thermal

behaviour under different operational conditions.

The model integrates two 3 phase squirrel cage induction motors, each connected to
dedicated inverters and control systems. These motors simulate dynamic behaviors such as
torque generation and speed response under different conditions. To manage the operation
of these motors, the simulation employs field-oriented control (FOC) implemented through
dedicated control blocks. These control blocks regulate motor torque and speed in real time,
using feedback loops that measure critical parameters like rotor speed, phase currents, and
voltages. This feedback ensures smooth and efficient motor operation while adapting to

varying loads and driving conditions.

Measurement blocks are strategically placed to monitor electrical parameters, including
phase voltages and currents. These measurements are crucial for system analysis and are also
fed back into the control blocks for continuous optimization. Additionally, the power output
and motor speed are calculated and visualized to evaluate the system's performance
comprehensively. The simulation also incorporates CAN communication interfaces,
enabling interaction with external vehicle dynamics simulation tools like IPG CarMaker.
Throttle and speed commands are received from CarMaker via the CAN interface, while
system parameters such as torque and motor speed are transmitted back to CarMaker for

vehicle-level analysis.
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Figure 4 Powertrain of Front Wheel Electric Motor

The figure 4 also highlights the ability of the platform to simulate both fast transient
dynamics, such as switching events, and longer-term behaviors, such as driving cycles. The
system's torque outputs are combined in a final block, representing the overall torque
available to propel the vehicle. This simulation platform, with its integration of electrical,
mechanical, and control domains, provides a powerful tool for analyzing and optimizing the
performance, efficiency, and reliability of electric powertrains. It is particularly well-suited
for studying the interactions between hardware components and vehicle dynamics in real-

time environments.

3.1.4 Circuit and Component Breakdown

The model circuit was divided into three subcircuits to optimize computational efficiency:

Subcircuit 0: Includes the Three-phase Meter1 (for measuring voltage and current in a three-

phase system), the 3-phase inverter "TyMotor0," and the connected motor "TyMotor0."

Subcircuit 1: Includes components like a capacitor (C6), a DC voltage source (Vdcl), and

another three-phase inverter connected to the motor "TyMotorl."
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Subcircuit 2: Contains the high-voltage battery (HV_ Battery) and the battery current

measurement device (I_battery).

This way, the workload is logically divided for high-performance. Such integrated
optimization makes the overall system efficient and reliable, reflecting the implementation
of efficient control strategies as well as hardware design. This extensive simulation platform
is an essential tool for understanding and improving powertrain control methods and overall

system behavior.

3.1.5 Three Phase Squirrel Cage Electric Motor

The three-phase motor considered in this thesis is squirrel cage induction motor, as described
on the Typhoon HIL documentation page, is a widely utilized electric motor due to its
robustness, simplicity, and reliability. This motor operates by inducing currents in the rotor
via the magnetic field generated in the stator when connected to a three-phase power supply.
The rotor, which features a "squirrel cage" structure consisting of conductive bars short-
circuited by end rings, eliminates the need for external electrical connections or brushes,

making it low-maintenance and durable. (Toliyat and Kliman 2004)

Compared to a Permanent Magnet Machine (PMM), the three-phase squirrel cage induction
motor offers several advantages. First, it does not rely on expensive and environmentally
sensitive rare-earth magnets, reducing both cost and supply chain risks. Second, it can
tolerate higher operating temperatures, as it avoids the risk of demagnetization that
permanent magnets face under thermal stress. Moreover, these motors have a rugged design,
making them well-suited for harsh industrial environments. While PMMs are more efficient
at specific operating points, squirrel cage motors excel in applications requiring durability,
cost-effectiveness, and the ability to handle wide speed and load ranges with simpler control
systems. This versatility and reliability make them a preferred choice in many industrial and

commercial settings (Typhoon HIL, n.d.).
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Motor notations and symbols:
yas: Alpha axis component of the stator flux [WDb]
yPs: Beta axis component of the stator flux [Wb]
yar: Alpha axis component of the rotor flux, referred to the stator [Wb]
yPr: Beta axis component of the rotor flux, referred to the stator [Wb]
ias: Alpha axis component of the stator current [A]
ips: Beta axis component of the stator current [A]
iar: Alpha axis component of the rotor current, referred to the stator [A]
ipr: Beta axis component of the rotor current, referred to the stator [A]
vas: Alpha axis component of the stator voltage [V]
vPs: Beta axis component of the stator voltage [V]
var: Alpha axis component of the rotor voltage, referred to the stator [V]
vPr: Beta axis component of the rotor voltage, referred to the stator [V]
Rs: Stator phase resistance [Q]

Rr: Rotor phase resistance, referred to the stator [Q]

Motion equation:

dw, 1
- (;) (Te = T) — bwm)

0, = fa)mdt
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3.1.6 Equivalent model of motor

The equivalent circuit model of an induction motor, as illustrated, provides a detailed

representation of the motor's electrical dynamics.

R, L, N L
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o

Figure 5 Equivalent circuit diagram of squirrel cage induction motor

The per-phase equivalent circuit (Figure 5) describes the motor's behavior in the stationary
reference frame, with each component modeling specific physical characteristics. The stator
resistance R represents the power loss due to current flow in the stator windings, while the
stator leakage inductance L;; accounts for the magnetic flux leakage that does not link the
rotor. The magnetization inductance L, models the coupling between the stator and rotor,
reflecting the energy transfer through the magnetic field. On the rotor side, the rotor
resistance referred to the stator R} and rotor leakage inductance L), represent power losses
and flux leakage, respectively. The circuit shows how the stator current ig splits into the
magnetization branch, comprising the core loss current i, and magnetizing current i,,, and
the rotor branch, which includes the reflected rotor current i.. The stator voltage Vg drives
the entire system, while the magnetizing voltage V,,, establishes the flux necessary for motor

operation (Asad, n.d.).
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Figure 6 The equivalent circuit diagram with rotor parameters referred to the stator side, incorporating the non-linear
magnetization inductance.

The corresponding equivalent circuit models offer valuable understanding of the motor
operation, from magnetization and energy transfer between stator and rotor. The d-q
transformation decouples the motor’s electromagnetic and mechanical dynamics, which
enables both dynamic and steady-state analysis, and can be applied to control strategies such
as field-oriented control. It was crucial to depict this in detail to create a solid motor control
system that produced an accurate simulation of any torque, speed, and power under any

condition, leading to ideal performance. (Asad, n.d.)

This detailed knowledge of induction machine, equivalent circuit models of induction
machine and the emirate d-q transformation framework forms the basis of a very efficient
design and control of the induction machine sub-system in Typhoon HIL. The motor’s
electrical dynamics are thus best captured by the equivalent circuit diagrams (see, e.g.,
Figures 5 and 6) which explicitly depict power losses, flux linkages, and electrical
interactivity between stator and rotor. These models are used to understand the motor’s

behavior at various operating points.

By leveraging the d-q transformation, we decouple the motor’s electromagnetic dynamics
into direct (d) and quadrature (q) components, simplifying the control of torque and flux
independently. This simplification is critical for implementing Field-Oriented Control
(FOC) strategies, which are widely used in Typhoon HIL for precise torque and speed
control. The d-q model enables dynamic and steady-state analysis, ensuring the motor

performs optimally under varying load conditions.



29

In Typhoon HIL, these theoretical models are translated into real-time simulations and
control implementations. The equivalent circuit provides the parameters and constraints,
while the d-q transformation enables the integration of feedback loops, flux and current
regulators, and pulse width modulation (PWM) for inverter control. This comprehensive
approach ensures the accurate simulation and testing of the motor control system, allowing

for the design and validation of high-performance, energy-efficient induction motor drives.

3.1.7 Modelling of PCM IFOC Control for Induction Motor

iq_regulator_Motord

hrottle_psdal

Figure 7 Implementation of an Indirect Field-Oriented Control (IFOC) system for motor control using the PCM

Figure 7 shows IFOC system implementation from motor control through the PCM
(Programmable control module) in the simulation Interdependently controlled vector-based
field-oriented controllers (IFOC) IFOC is a most popular strategy in electric motor drives
like induction motors, for accurate torque and speed control. The control process in this

implementation is divided into the following stages:



30

» Torque Reference Generation and Power Limiting System

» an
¥
LLS
Az I—h:u: tred

} . e

thmatie

orque_power limiter Tyddoiond

torgue_ Ty otord

dl

throttle pedal

Figure 8 Modelling blocks for creating reference torque

The torque reference generation and power limitation system is a vital component of motor
control, designed to ensure safe, efficient, and precise operation by dynamically adjusting
the torque reference (torque ref) based on real-time inputs and operational constraints. This
system integrates inputs from Typhoon HIL and CARMaker, such as rotor speed
(om_TyMotor0), throttle position (throttle pedal) are receiving from CarMaker, and actual
torque feedback (torque TyMotor0) from motor 0 in the Typhoon, to compute a well-
regulated torque reference that aligns with the driver's demand while maintaining the motor's

physical and thermal limitations.

The throttle input from CARMaker reflects the driver’s power or speed command, serving
as the primary control input for torque generation usually from 0% to 100%. The rotor speed
(om_TyMotor0), also provided by CARMaker, is a critical parameter that adjusts torque and
power limits to ensure the motor operates within its safe performance envelope. Torque
feedback from Typhoon HIL ensures that the actual torque generated by the motor aligns
with the desired torque reference, creating a closed-loop system that enhances accuracy and

responsiveness.
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The 3D Look-Up Table (3D LUT) plays a central role in torque reference generation. It acts
as a pre-configured map that relates the throttle input, rotor speed, and additional parameters
(e.g., power limits) to a preliminary torque reference (old tref). The LUT accounts for non-
linear motor behaviors, such as torque-speed curves and efficiency characteristics, using
predefined relationships for fast and accurate computation. The LUT supports non-
equidistant input values, allowing it to model complex motor behaviors effectively. The
throttle input (throttle pedal) defines the driver’s torque demand, while the rotor speed
(om_TyMotor0) adjusts torque limits dynamically. Optional parameters like power
constraints (Pmin and Pmax) further refine the torque output. The LUT ensures high
accuracy in torque generation and reduces computational complexity by replacing real-time
calculations with fast table lookups. If inputs exceed predefined boundaries, the LUT uses
"clipping" to restrict output values to safe limits, maintaining stability and preventing invalid

torque commands.

Component (30 look-up tablel) properties x|

3D look-up table from library ‘core’

Performs 3-dimensional linear interpolation look-up table.

It supports equidistant and non-equidistant distribution of table
indexes (Input values x, Input values y and Input values z). F
Table output can be calculated using equidistant space method or
non-equidistant (binary search) implementation method.

When input vectors (Input values x and/or Input values y andjor
Input values z) have non-equidistant distribution and equidistant
space method is selected,

internal conversion from non-equidistant to equidistant distribution will
be done, In this case user will be warned.

Extrapolation can be done with dipping, using f{x,y,z) matrix

boundary values, or with linear method, using fi(x,y,z) matrix il
Input values x: [0, wm_max_front]

Input values y: [0, 100] E
Input values z: [Pmin,0,Pmax]

Output values f{x,y,2):  jorque,ma_torquE]]]

Implementation method: | Non-equidistant =

Extrapolation method: Clip >
Execution rate: inherit
Help oK Cancel

Figure 9 3D look up table properties

The system further refines the torque reference through the Torque Power Limiter block,
which enforces key operational constraints. First, mechanical power is calculated as the
product of the previous torque reference (old tref) and rotor speed (om_ TyMotor0). This
power is evaluated against predefined boundaries: Pmin for minimum regenerative braking

power and Pmax for maximum allowable motor power. If the power is below Pmin, the
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system adjusts the torque reference upward to ensure the braking energy fed back into the
system remains within safe limits. Conversely, if the power exceeds Pmax, the torque
reference is reduced to maintain the motor within its maximum power capacity. When the
power lies within the permissible range (Pmin < power < Pmax), the torque reference

remains unchanged.

Torque limits are then applied to ensure the reference falls within the motor's physical
boundaries. If the torque exceeds the maximum allowable value (max_torque), it is clipped
to this limit to prevent overloading. Similarly, if the torque drops below the minimum torque
(min_torque), often required for safe regenerative braking, it is adjusted upward to the
minimum allowable value. Special conditions are also addressed. For instance, if the rotor
speed is near zero (om_TyMotor0 < 1) and there is no throttle input (throttle pedal = 0), the
torque reference is set to zero to avoid unnecessary energy consumption when the motor is
stationary. Additionally, if the rotor speed exceeds or reaches the maximum allowable speed
(wm_max), the torque reference is capped at a safe predefined value to ensure stability at
high speeds. The torque power limiter code that is designed to dynamically calculate and

adjust the motor’s torque reference see appendix 1,

The system also contains a speed error, which is a difference between the speed command
(from throttle input and rotor speed) and actual rotor speed. Although this speed error is not
directly fed to torque calculation equations, it serves as a critical feedback to modulate how

aggressive/fault tolerant the system can be.

MethodThe torque reference generation provides a necessary torque reference for the
available operating conditions, while the power limitation control system keeps the motor
operational, below the maximum power limits. It provides excellent control over the motor’s
performance by dynamically adjusting torque based on throttle input, rotor speed, and power
limits. This system functions to mirror driver demand with motor limits to avoid excessive
energy consumption, allow maximum regenerative braking as well to avoid overloading the
motor. Utilizing the 3D LUT in conjunction with the Torque Power Limiter allows for
accurate, real-time torque control making it an integral part of high performance motor

control systems.
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> Clarke-Park Transformation

The Clarke-Park Transformation, a fundamental process in Field-Oriented Control (FOC) of
electric motors, which simplifies the control of three-phase systems by converting them into
a two-axis reference frame. The inputs to this block are the three-phase stator currents
(i_a TyMotor0, i b TyMotor0, and i ¢ TyMotor0) and the rotor angle (theta TyMotor0).
The three-phase currents, measured in the stationary reference frame, represent the electrical
state of the motor. However, controlling these sinusoidal currents directly in their native
three-phase form is complex due to their time-varying nature. To address this, the block first
performs a Clarke Transformation, which converts the three-phase currents into a two-phase
stationary reference frame, represented by the “d” and “q” components. This step reduces

redundancy in the system by mapping the three-phase currents into a two-dimensional plane,

as the sum of the three-phase currents is always zero in balanced systems.

b
1 -] 1

i_a_TyMotord

« L
2 !
—H

i_b_TyMotord -

Na

ic_TyMotord

theta_TyMotor i [———

Figure 10 Clarke-Park Transformation

Following this, the block executes the Park Transformation, which uses the rotor angle
(theta_ TyMotor0) to rotate the alpha-beta components into the d-q reference frame. This
rotating reference frame is aligned with the rotor’s magnetic field, making it possible to
decouple the motor’s flux and torque components. The resulting d-axis current (i_d)
corresponds to the flux-producing component, while the g-axis current (i_q) corresponds to
the torque-producing component. These components are crucial for precise motor control,
as they allow independent regulation of flux and torque using simple proportional-integral

(PI) controllers, eliminating the need to directly control sinusoidal waveforms.
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The block outputs the d-axis current (d), g-axis current (q), and zero-sequence current (cut).
In most balanced three-phase systems, the zero-sequence current is zero and is typically not
used. The d and q components are essential for the subsequent current control loops in the
motor control system, enabling efficient and responsive operation. By leveraging the rotor
angle, the transformation ensures that the control system dynamically aligns with the motor’s
magnetic field, optimizing performance and efficiency under varying operating conditions.
Overall, this block is a critical component of the motor control system, providing the

foundation for the precise and efficient operation of field-oriented control strategies.

» Flux and Direct Axis Current Regulation System

The Flux and Current Regulation System in the context of the co-simulation framework
integrating Typhoon HIL and IPG CarMaker. The figure 11 demonstrates the control
architecture for dynamically regulating motor flux and current to achieve optimal motor
performance, with the input motor speed (om_TyMotor0) provided by CarMaker. This setup
is crucial for implementing Field-Oriented Control (FOC) of a motor, a widely used method

for precise and efficient torque and speed control.

wm_TyMotorD | #[vm_TyMotor0 flux™ TyMotorQ{—
flux_ref_TyMotorD P ™ _TyMotord
flux_ref_TyMotorQ ¥ Flux_refidwEbt@sMotord —
— flux_TyMotord
b |d_TyMotomitor_flux_TyMotor(y +  flux_regulator_TyMotor id_ref_TyMator0
i * v M {
flux_calculation_TyMator0 ¥ flux_TyMotor0 | b id_ref TyMotord
vd_ref_TyMotord
.- b id_TyMotord

id_regulator_TyMotor

Figure 11 Flux and Current Regulation System Block

The process begins with [IPG CarMaker, which simulates the dynamics of the vehicle and
provides the real-time motor speed (om_TyMotor0) to Typhoon HIL. This motor speed
reflects the vehicle's operational conditions, such as the driver’s throttle input, road gradient,

and overall load. In Typhoon HIL, this speed feedback is critical for computing the flux
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reference (flux* TyMotor0), which determines the desired magnetic flux in the motor. The
field weakening strategy in the motor control system dynamically adjusts the magnetic flux
(flux* TyMotor(0) based on the motor speed (wm) provided by IPG CarMaker. For speeds
below 5 rad/s, the flux reference increases linearly to ensure sufficient torque. Beyond this
threshold, flux is reduced inversely with speed to enable high-speed operation while
maintaining voltage and current limits. The flux ref TyMotor0 block takes the rotor speed
as input and calculates the reference flux, ensuring that the magnetic field in the motor is

sufficient for generating the desired torque while maintaining system efficiency.

Next, the actual flux (flux TyMotor0) of the motor is computed or measured in real-time
using the flux_calculation TyMotor0 block. The difference between the reference flux and
the actual flux is calculated and passed to the flux regulator TyMotorO block. The flux
regulator dynamically adjusts the flux by minimizing the error, ensuring that the motor
operates within the desired flux limits. This regulation is crucial because maintaining proper
flux levels directly impacts the motor's ability to generate torque efficiently and reduces

energy losses.

Here, the direct-axis current reference (id_ref TyMotor0) is the output of the flux regulator,
and is the most important signal to control the magnetic field of the motor. This is the
reference current that corresponds to the direct-axis current value that we intend to achieve
in order to sustain the calculated flux level. The id ref TyMotor0 value is subsequently
forwarded to the id_regulator TyMotor0 block, where it is compared against the real/actual
id TyMotor0O value. The id regulator TyMotorO block dynamically adjusts the control
signals sent to the motor to keep the actual current in line with the reference value. This is
required for a stable motor operation and for ensuring that the generated torque is capable of

matching the system requirement despite parameter deviations.

» Quadrature-axis current regulation and angle calculation system

The core components of a Field-Oriented Control (FOC) system, focusing on torque and
flux regulation, rotor angle calculation, and quadrature-axis current control for precise motor
operation. At its core, the theta calculation TyMotor0 block calculates the rotor position

(theta TyMotor0O) using inputs such as rotor flux (rotor flux TyMotor0), rotor speed



36

(wm_TyMotor0), and quadrature-axis current (iq TyMotor0). Leveraging key motor
parameters such as magnetizing inductance (Lm), rotor inductance (Lr), and pole pairs, this
block integrates angular velocity over time to determine the rotor angle, which aligns the

control system with the motor's magnetic field.

Building on this, the iq_ref TyMotor0 block computes the reference quadrature-axis current
(iq_ref TyMotor0) required to produce the desired torque (torque ref). This calculation
depends on the torque constant (kT) and rotor flux feedback (flux TyMotor0), dynamically
adjusting the current reference to meet the torque demands while maintaining efficient flux
utilization. Finally, the iq_regulator Motor0O block ensures that the actual quadrature-axis

current (iq_TyMotor0) aligns with this reference.
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Figure 12 Quadrature-axis current regulation and angle calculation system

By calculating the error between the reference and actual current, a Proportional-Integral
(PI) controller generates a quadrature-axis voltage reference (Vq_ref TyMotor(), which
drives the motor to achieve consistent torque output under dynamic conditions. Together,
these blocks form a closed-loop system where rotor position feeds into current control,

enabling precise and efficient torque production.
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The difference between the reference current (iq ref TyMotor0O) and the actual current

(ig_TyMotor0) is computed:

Error = iq_ref_TyMotor0 — iq_TyMotor0Q

» Space Vector Pulse Width Modulation (SVPWM)

The final stage of the Field-Oriented Control (FOC) strategy, where the reference currents
for torque and flux are converted into three-phase voltage signals using Space Vector Pulse
Width Modulation (SVPWM). The process starts with the outputs of the current regulators
(id_regulator TyMotor0 and iq regulator TyMotor0), which compute the direct-axis
(Vd _ref TyMotor0) and quadrature-axis (Vq ref TyMotor(Q) voltage references. These
regulators use PI controllers to minimize the error between the actual currents (id_TyMotorQ
and iqg_TyMotor0) and their respective references (id_ref TyMotor0 and iq_ref TyMotor0).

This ensures that the desired torque and flux levels are maintained during motor operation.

The voltage references from the dq frame are then transformed into the stationary off
reference frame using the inverse Park Transformation. This transformation relies on the
rotor position (theta TyMotor(Q) to align the rotating frame with the stationary frame,
outputting the a-axis (alpha) and B-axis (beta) voltage components. These components
represent the motor’s voltage in a stationary coordinate system, which is necessary for

generating three-phase signals.
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Figure 13 Space Vector Pulse Width Modulation (SVPWM)
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The SVPWM References Generator processes the aff components to produce three-phase
modulation references (ma TyMotor0, mb TyMotor0O, and mc TyMotor0). SVPWM is a
highly efficient method for generating pulse-width-modulated signals, maximizing DC bus
utilization while minimizing harmonic distortion in the motor drive. These three-phase
signals control the inverter, which drives the motor phases to produce the desired torque and

speed.

3.1.8 Data Flow between CarMaker and Typhoon HIL

The CAN communication channel is established between Typhoon HIL and CarMaker to
form a robust, bi-directional data exchange framework that enables seamless integration of
motor control simulation with vehicle dynamics simulation. It ensures real-time
communication to create a synchronized co-simulation environment where both platforms

operate cohesively to replicate real-world electric vehicle performance.
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Figure 14 Sending and recieving blocks of CAN

This system ensures seamless integration by allowing Typhoon HIL to receive critical inputs
from CarMaker, such as throttle position (CM _throttle), rotor speeds (CM_speed Motor0
and CM_speed Motorl), braking commands (VehicleBrakeRX), and battery state of charge
(SOC). These inputs are vital for replicating real-world driving scenarios and dynamically
adjusting motor control strategies, such as torque generation, regenerative braking, and field
weakening. At the same time, Typhoon HIL processes these inputs to simulate the motors’

real-time behavior and sends back essential outputs, including motor speeds
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(Ty_Motor0 speed and Ty Motorl speed), torque outputs (Ty Motor0O torque and
Ty Motorl torque), and updated battery SOC values. This feedback loop allows CarMaker
to continuously update its vehicle model based on real-time motor responses, ensuring

synchronized and accurate simulation of the electric drivetrain.

Such a closed-loop communication is very helpful to test and validate motor control
strategies under realistic driving conditions. Typhoon HIL receives the throttle and braking
data from CarMaker to control the torque and speed outputs in real time, and the speed and
torque data returned from Typhoon HIL allow the vehicle dynamics model in CarMaker to
reflect true motor outputs. Battery SOC data is also exchanged to assess energy efficiency,
and powertrain performance. The integration allows engineers to validate and debug control
algorithms and ensures alignment between torque, speed, and energy outputs from Typhoon
HIL and vehicle-level demands. By providing real-time feedback it is possible to test in
detail scenarios such as acceleration, deceleration, regenerative braking and energy
management and ensure that the systems remain in synchronization. This communication
system works with CarMaker providing realistic vehicle simulation, while Typhoon HIL
will provide high-fidelity motor control simulation for enabling comprehensive testing and

optimization of electric vehicle systems in a virtual environment.

3.2 Co-Simulation Between Typhoon HIL and CarMaker

Co-simulation between Typhoon HIL and IPG CarMaker represents an advanced framework
for testing and validating electric vehicle powertrain systems, combining the strengths of
real-time motor control simulation and vehicle dynamics simulation. This integration
enables engineers to evaluate and optimize EV performance under realistic operating
scenarios without the need for physical prototypes. Typhoon HIL is renowned for its high-
fidelity Hardware-in-the-Loop capabilities, providing real-time simulation of electric
motors, inverters, and battery systems. On the other hand, CarMaker is a leading simulation
tool that models vehicle dynamics, road conditions, driver inputs, and environment

interactions, offering a virtual testing platform for automotive systems (Mani et al., n.d.).

The primary goal of this co-simulation is to create a closed-loop environment where
CarMaker simulates vehicle-level inputs such as driver throttle position, braking commands,

and motor speed, while Typhoon HIL processes these inputs to simulate the real-time
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behavior of the motor and inverter. The outputs from Typhoon HIL, such as motor torque,
speed, and battery SOC, are then sent back to CarMaker to update the vehicle’s dynamics in
real time. This seamless data exchange is facilitated using Controller Area Network (CAN)

communication channels, ensuring synchronized interaction between the two platforms.

It begins with pre- and post-processing checks to validate subsystem configurations,
ensuring compatibility across vehicle components. Initialization routines set up essential
modules, including multiple tire models (e.g., Magic Formula, FTire), steering
configurations (e.g., generic torque/angle), and aerodynamic models, registering them for
simulation. Subsystems are integrated dynamically at the start of a test run , with support for

built-in or externally managed vehicle models.

During runtime, the main calculation function executes per simulation cycle, updating
dynamics for the car, trailer, brakes, and powertrain, while timestamping ensures real-time
performance. Specific functions like Vhcl StaticCond Calc adjust the vehicle to static
conditions, and PowerFlow_Calc ensures energy balance in the powertrain. The framework
also supports state snapshots for analysis. Error handling is implemented throughout, with
error flags returned during initialization or runtime to ensure graceful termination if issues

occur.

3.2.1 Induction Motor configuration

The model registered using the Motor Register TyMotorO function, which initializes the
motor's configuration, runtime calculations, and cleanup functions. Key parameters such as
inertia, torque ratio, and maximum torque are configured during initialization by retrieving
values from the simulation configuration file. The model dynamically communicates with
Typhoon via the CAN, sending speed and load data while receiving torque values. During
each simulation cycle, the function computes motor torque, speed, and electrical power
based on input signals like load and rotational velocity, applying scaling factors such as the
gear ratio. Error handling ensures that if Typhoon communication is inactive, the system
logs debug information and limits integration steps. The code also dynamically registers

quantities like speed (rotv) and torque (Trq) in the simulation's data dictionary for real-time
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monitoring. Cleanup functions deactivate the motor and free resources. This modular design
supports high-fidelity motor simulation, making it ideal for testing powertrain components

in hardware-in-the-loop (HIL) environments.

3.2.2 10 CAN Communication in CarMaker

IO interface for integrating CarMaker with a Typhoon HIL system, enabling real-time
communication via the CAN protocol for both CarMaker Office (simulation environment)
and HIL setups. It facilitates bidirectional data exchange between CarMaker and the
Typhoon system, allowing for the simulation of motor and vehicle dynamics. The interface
supports two configurations: PCAN USB for CAN communication and placeholders for
future MIO (Measurement 10) support. During initialization, the code sets up CAN
communication parameters (e.g., baud rate at 1 Mbps), adds motor-specific variables like
torque, speed, and load to CarMaker's data dictionary, and ensures the system is ready for

runtime operations. At runtime, it executes two main tasks:

(1) reading signals from Typhoon (e.g., motor torque updates from CAN messages with

specific IDs).

(2) sending signals (e.g., vehicle speed, throttle, brake levels, and motor torque/rotational

velocity) to Typhoon.

It also calculates and transmits battery State of Charge (SOC) periodically, ensuring

synchronization with simulation cycles.

Key aspects include its real-time capabilities, which ensure the exchange of motor and
vehicle data during every simulation cycle, and its integration with CarMaker's data
dictionary, enabling real-time monitoring and control of simulation variables. The code
features robust error handling with debug logs to track system status and Typhoon
communication activity. This interface is essential for automotive R&D, especially in
scenarios requiring high-fidelity motor and powertrain simulation, such as testing electric

vehicles or advanced driver-assistance systems in HIL environments.
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4 Results and Analysis

The simulation results confirm that we are successfully obtaining currents and voltages from
the motors in the Typhoon HIL environment. The measured motor phase currents (la, Ib, Ic)
exhibit a clear transient response when the inverter is activated, followed by a smooth
sinusoidal waveform as the system stabilizes. Similarly, the phase voltages (Va, Vb, Vc)
display balanced sinusoidal behavior after initial oscillations, demonstrating that the inverter
and control block are effectively generating and regulating the required output signals. These
accurate current and voltage waveforms validate proper communication between CarMaker

and Typhoon HIL, where the motor dynamically responds to control signals sent in real time.

The bottom plot presents the PWM (Pulse Width Modulation) switching signals for one leg
of the inverter, where the red waveform represents the PWM signal applied to the IGBT
switch. The PWM signal is periodic and exhibits a high frequency, appearing as a dense red
waveform. This high-frequency switching controls the inverter operation, dynamically
generating sinusoidal phase voltages observed in the middle plot. The duty cycle of the PWM
signal changes in real time, reflecting the control block's modulation of the inverter output
voltage to meet the motor's torque and speed demands. The presence of these PWM
switching signals confirms that the inverter is functioning as expected, with the control block
accurately generating PWM patterns to regulate motor voltage and current. The smooth
sinusoidal voltages and currents seen earlier are a direct result of this precise PWM-based

control.

When the CAN channel is established between Typhoon HIL and CarMaker, it successfully
transmits control parameters such as throttle, torque demands, and load signals to the
Typhoon HIL environment. As these inputs are applied, the motor currents and voltages
respond dynamically, reflecting the behavior of the control block and the inverter's
operation. The phase currents and voltages adapt seamlessly to the control signals from
CarMaker, confirming the accurate and synchronized data exchange through the CAN
interface. This interaction ensures that the motor model operates as intended, with real-time
adjustments to the applied conditions. The results validate the integration and functionality
of the control system, the inverter, and the motor model, demonstrating that CarMaker and

Typhoon HIL are successfully integrated. The system's real-time response, along with the
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observed PWM modulation, highlights its capability for dynamic performance adjustments,

enabling precise motor control and simulation under varying loads and operating conditions.

B 1=0 [2.31 A fdiv]
= THO [11.65 A fdiv]
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Figure 15 Real-Time Motor Response and Inverter PWM Control in Typhoon HIL Simulation

The SCADA panel displayed in the Typhoon HIL environment serves as a visual interface
to monitor parameters exchanged between CarMaker and Typhoon HIL during simulation.
Its purpose is to reflect real-time inputs and outputs such as throttle, brake signals, motor
speed, torque, power, and battery state-of-charge. However, although simulations in both
CarMaker and Typhoon HIL are running successfully, there is no established
communication channel between the two systems. As a result, the SCADA panel is not
receiving dynamic data, and parameters such as throttle input, brake input, motor speed
(RPM), and torque remain static at zero. CarMaker generates control signals based on its
vehicle dynamics, while Typhoon HIL simulates motor and inverter behavior. Without a
data transfer mechanism such as CAN communication, the two systems cannot exchange

information, which restricts real-time interaction.
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Figure 16 SCADA Panel in Typhoon HIL Displaying CarMaker Parameters

The current setup demonstrates that both platforms—CarMaker and Typhoon HIL—operate
independently and are stable, with CarMaker accurately simulating vehicle dynamics and
Typhoon HIL handling motor and inverter simulations. While the lack of communication
does not affect their standalone performance, it prevents the SCADA panel from reflecting

real-time changes.

During initial attempts at hardware integration, replicability challenges emerged due to
multiple software layers, which significantly slowed progress. Moreover, CAN cable
compatibility issues and potential software mismatches added further complexity.
Addressing these challenges will be central to future work, including real-time verification,
refining the motor control block, and conducting comprehensive Hardware-in-the-Loop
testing with physical components. This integration will facilitate a thorough evaluation of
the motor control system, ensuring accuracy, stability, and performance under realistic

operating conditions.

Moving forward, future research will prioritize establishing a communication link between
CarMaker and Typhoon HIL, potentially through CAN communication. This integration will
enable the transfer of critical control parameters such as throttle, brake, and torque, ensuring
synchronized operation and dynamic data exchange between the two systems. Once this
communication is established, the SCADA panel will display updated values, validating the

system's responses to various inputs.
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5 Conclusions And Future Work

The successful integration of CarMaker and Typhoon HIL demonstrates the real-time
capability of the system to simulate motor control and vehicle dynamics effectively. A
significant achievement of this research is the successful implementation of Hardware-in-
the-Loop testing, where Typhoon HIL served as the platform for real-time motor and inverter
simulations. CarMaker generated dynamic control signals, such as throttle, brake inputs, and
torque demands. The motor model within Typhoon HIL responded accurately, producing
corresponding phase currents, voltages, and PWM switching signals, validating the
performance of the motor control block. This HIL setup provided a real-time simulation
environment that bridged the gap between software-based modeling, ensuring the system

behaves as it would in real-world scenarios.

The achievement of HIL testing highlights the robustness of the integration, enabling precise
validation of the motor control block and inverter performance under realistic operating
conditions. This approach ensures that the system is tested dynamically, with accurate
feedback and real-time adjustments. The successful HIL implementation forms a critical
milestone in this research, as it paves the way for future extensions where fault injection can
be performed on the Typhoon HIL side. Fault scenarios, such as phase loss, short circuits,
and inverter failures, will allow further analysis of the system’s resilience and fault-tolerant

control strategies.

Looking ahead, the CarMaker environment will be enhanced to include complex physical
conditions, such as varying weather (e.g., rain, snow, wind), terrain changes (e.g., inclines,
declines, and off-road conditions), and high-speed testing. These scenarios will test the
motor control system's ability to adapt dynamically to changing loads and conditions.
Additionally, high-safety-risk scenarios, such as emergency braking, evasive maneuvers,
and critical fault conditions, will be introduced to evaluate system safety, stability, and

performance.

Future work will focus on refining real-time communication channels between CarMaker
and Typhoon HIL, such as CAN communication, to enable synchronized data exchange.
This will allow real-time feedback and continuous updates of motor parameters, ensuring

even greater accuracy and responsiveness in the simulation environment. The combination
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of HIL testing, real-time communication, and advanced fault scenarios will result in a robust,

validated platform for motor control and vehicle dynamics research.

In conclusion, the successful Hardware-in-the-Loop (HIL) testing achieved in this research
marks a critical milestone, demonstrating the real-time performance and dynamic response
of the integrated system. Future work will focus on expanding the system’s capabilities
through fault injection, complex physical conditions, and enhanced communication, creating
a reliable and advanced platform for testing motor control systems under realistic and

extreme conditions.
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Appendix 1.

// Calculate mechanical power
power = old tref * wm;

// Regenerative braking maximum power
if (power < Pmin) {

new _tref = Pmin / wm;

}

// Maximum motor power

else if (power > Pmax) {

new_tref = Pmax / wm;

}

else {

new tref = old tref;

}

// Speed error calculation
wm_error = (throttle / 100) * (1.2 * wm_max)

// Torque limit checks
if (new _tref > max torque) {
new tref = max torque;

}

// Regenerative torque limit
if (new _tref < min torque) {
new tref = min torque;

}

// Low-speed and zero-throttle condition
if ((wm < 1) && (throttle == 0)) {
new tref = 0;

}

// Maximum speed condition
if (wm >= wm max) {
new tref = 5

- wmy,

49



