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ABSTRACT 

JAMES BRADLEY BAER. Development of a Digital Twin for a Solar Powered Electric 

Race Vehicle. (Under the direction of DR. WESLEY WILLIAMS) 

The global and local impacts of climate change have increased the interest in 

decarbonizing energy economies in general and transportation in particular.  Solar 

electric vehicles (EVs) represent an intersection of renewable energy generation and EV 

development, both of which are topical focuses of current research in their own right.  

Mirroring the rise of automobiles and aviation, many of the developments in solar EVs 

have come from competition-based innovation.   

The development of complex electromechanical systems has been assisted in 

recent years by the use of digital twins, which are built on physics-based models of the 

underlying systems.  This research develops a digital twin based on a solar electric racing 

vehicle constructed by Appalachian State University.  The digital twin consists of two 

interlinked models, with the first representing a 1-D model of the vehicle dynamics, 

electric motor, and race course.  The second represents the solar panels and battery 

system, with the current draw on the motor linking the two models.  In combination, the 

digital twin is driven by a variety of inputs such as motor parameters, course elevation, 

vehicle dimensions, battery parameters, and solar panel configuration.  The key outputs 

from the digital twin are the vehicle speed, current draws, and SOC for the battery.  The 

performance of the digital twin was successfully simulated on a variety of virtual tracks, 

starting with a flat track and constant slope course before moving to arbitrary changing 

slopes and imported topological data for a road course. 
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CHAPTER 1: INTRODUCTION 

The decarbonization of the vehicle industry is pushing electric vehicle (EV) 

technology to the forefront of cutting-edge science and design. This surge in EV 

technology is forcing companies to acquire greater knowledge through cheaper and more 

efficient product design. Each element of an EV system presents an opportunity for 

improvement and is evolving to meet rising consumer demands. These systems include 

batteries, electrical motors, and lighter vehicle frames. The EV market expands through 

innovation and top quality, consumer friendly product design.  

It currently costs companies millions of dollars to innovate new ways to store 

energy and build more efficient electric motors, which slows down innovation.  For 

example, lithium is difficult to mine and, therefore, lithium-ion batteries are expensive to 

prototype and build. Solar panels are a proven way to capture energy from the sun but 

often require large surface areas to make them a viable power source. A new approach to 

product development has emerged that helps drive down innovation costs and timelines 

through the use of physics-based models commonly called digital twins (DT). 

DT technology is an evolving industry; many businesses and research 

organizations are taking advantage of this technology to innovate their products or 

research. The leading technological Fortune 500 industries are harnessing the power of 

taking physical products and converting them into digital simulations.  Digital models 

don’t require huge overhead because a small development team can independently 

oversee the creation of a high-fidelity model, which saves on energy costs that are 

associated with multiple iterations of physical prototyping. As an example, when testing a 

cutting-edge turbine system, the number of sensors required for data acquisition alone 
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can cost more than the product that is being tested. With digital models, coordination 

with a geographically distributed team is much easier, as a model can easily be sent over 

the Internet as opposed to coordinating travel for scattered team members at a central 

testing location. The next four chapters will explore the current research that uses 

Simscape and Simulink to create DT simulations of EVs along with research into track 

ready solar powered EVs using Simscape.  

Chapter 2 explores the history of the EV, how it began, and where it is heading in 

the future. A history of the solar EV and solar EV racing is included in this chapter to 

demonstrate how the EV has branched into several sub-niches that have recently 

exploded in popularity. Chapter 2 also contains current research into the issues EV 

researchers face when attempting to fill the knowledge gap. Chapter 3 shares the layout 

for how the DT model was created. Using Simscape block functions, a model was created 

to replicate the digital version of Appalachian State’s solar racing EV named Racing on 

Solar Energy (ROSE). 

 Chapter 4 details the methodology for creating the DT model. The first section of 

methodology introduces the system architecture used in calculating battery statistics 

graphically. The second section explains the motor model and how it is used to simulate 

the real-world version located on ROSE. The third section covers vehicle dynamics. The 

vehicle dynamics model is the foundation of the simulation. The fourth section discusses 

racecourse modeling and how it will impact the output results of the EV. The fifth section 

covers the solar cell array power system. The solar cell system displays the advantage of 

adding solar cells to an EV. The final section goes over the battery, the battery and solar 
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cell model are the top layer of the foundational vehicle model. Both models work in 

unison to deliver the desired outputs. 

Chapter 5 discusses the results that were obtained from the solar EV model. The 

results are divided into two separate sections; the first of which modeled the system on a 

flat track- this was done to show differences in solar current or battery charge without the 

external influence of varying grade levels. The second section of the results is the course 

track, which includes real-time road grade levels that simulate a live track. Examples of 

the DT's typical outputs provide graphical data on the performance of the solar race 

vehicle’s outputs; this includes the battery voltage and charge levels, and the vehicle's 

velocity and position. The model outputs are dependent upon the specific profile of the 

course; these outputs will help identify system (battery, panel, motor, etc.) improvements 

and strategies for improved performance in different terrains.  

Chapter 6 concludes the research and discusses the model's capabilities and 

limitations. The main goal of this research is to create a DT that simulates a solar racing 

EV to obtain a better understanding of how the vehicle operates under certain conditions. 

This will ultimately provide the student-led race team at Appalachian State with 

additional engineering insights during the development of their next-generation solar EV. 

The concluded work will help the team identify the weaknesses in the solar race vehicle 

and how to fine-tune the electrical/mechanical components to increase performance and 

efficiency. 

Chapter 6 also touches on future work and where the current model needs 

refinement and how it can be improved. Several issues arose when trying to have a solar 

model, a battery model, and a vehicle model all on the same simulation file. As each 
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model represents a different domain in physics, this can cause issues for the solver when 

trying to run everything simultaneously. Although the current model reports reasonable 

values for vehicle performance, numerous refinements can be made to increase the 

accuracy of the model.  Validation of the model against actual data obtained by ROSE 

would also be needed to refine the simulations and provide the user with a DT to predict 

solar EV racing performance based on varying track conditions at high fidelity. 
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CHAPTER 2: LITERATURE REVIEW 

 

Research into the solar EV racing industry has shown that, although the industry 

appears to be new, aspects of the technology have been around for over a century. Due to 

challenging competition with petrol vehicles, the EV industry struggled to take off; 

however, like most of the world’s largest industries, where there is demand there is 

innovation. The literature review touches on the history and evolution of the EV which 

preceded the development of solar racing EVs. Several topics are discussed that shine a 

light on the current challenges facing solar EVs. These topics include solar absorption 

rates in cities versus the open country, new ways to store more energy within battery 

packs, and more efficient ways to monitor state of charge (SOC) levels within a battery. 

2.1 Electric Vehicles 

EVs may seem new and modern but they have been around for over 100 years. 

Robert Anderson, a Scottish inventor, was credited for the development of the first EV, 

shown in Figure 1, in the late 1800s. 

 

FIGURE 1: First EV Invented by Robert Anderson [1] 



 6 

After Anderson’s EV was released, a U.S. inventor named William Morrison 

developed a six-passenger electric carriage that ran at a top speed of 14 miles per hour  

[1]. Significant interest was put into the development of EVs, which continued until the 

turn of the 20th century. Automobile inventor Henry Ford developed the first commercial 

combustion engine automobile called the Model T in 1908 [1]. In the early 1900s, gas 

was cheap which created a high demand for combustion engines compared to the 

alternative, electric. Electric components were more expensive than gas powered engines, 

therefore, the market naturally favored the combustion engine as the industry standard 

and EVs fell off the map for a few decades.  

In the early 1990s, the Department of Energy began research into battery 

technology that would allow the EV to travel long distances before needing a charge. 

Before our current battery technology was invented, the longest traveling EV lasted 

approximately 40 miles. Environmental regulations in California also contributed to 

cracking down on gas emissions that led to changes in the EV market [1]. The transition 

from petrol to electric was not clear-cut; a combination of both gas and electric-powered 

cars came onto the scene before any pure EV did. In 1999 Honda released a hybrid 

electric vehicle (HEV) called Insight shown in Figure 2. This was the first commercially 

successful HEV vehicle that gained a following from car lovers [2]. 
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FIGURE 2: Honda Insight [2] 

 

The second and most well-known HEV was the Toyota Prius and, like the Honda 

Insight, the first-generation Prius used a nickel metal hydride battery that allowed the 

HEV industry to become profitable [2]. In 2008 Tesla Motors took the electric car 

industry by storm by producing the Tesla Roadster EV. The Roadster was an all-electric 

vehicle that could run up to 245 miles on a single charge and reached a top speed of 125 

mph which was quick enough to compete with most sports cars [3]. The key to the long 

drive time was Tesla's innovation in battery technology, as the Tesla vehicles used the 

lithium-ion battery instead of the nickel metal hydride. The lithium battery allowed the 

car to be charged from any outlet and kept the charge longer than other batteries on the 

market. 
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Today, the electric car industry’s future looks bright when considering the rising 

gas prices and the amount of pollution coming from petrol engines. The current political 

climate is also shifting to greener energy which gives more grants and government 

money to researchers in the EV field. As charging stations and infrastructures improve 

for the EV industry, the cheaper the entry price will become for the consumer, which will 

ultimately lead to the demise of the petrol engine industry. The progression of the EV 

industry depends on several additional key innovations, such as battery technology. The 

current lithium-ion battery requires intense mining that has an impact on the 

environment. Lithium mining creates large craters and requires large machinery to dig 

and transport lithium-enriched soil enriched. Charge time from charge stations must also 

be considered. Figure 3 shows a photo from Energysage.com of a Nema14-50 charger for 

a Tesla model EV that plugs into a 240 V wall outlet and takes an average of 10 hours to 

charge [4]. As one can imagine, 10 hours would be a large hindrance if a driver’s battery 

died on the way home from a trip or a long work commute. What if there was not a 

charging station close by? As of today, the infrastructure for long distance travel is 

missing, and although more and more Tesla charging stations are popping up, there is still 

a large gap to be filled before EVs can dominate the market. 
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FIGURE 3: Tesla Charging Stations [5] 

 

Current research into EV software needs several improvements in battery 

technology and monitoring. A big part of simulating the electrical landscape is the ability 

to model and monitor real-time battery efficiency from SOC. Error free SOC is 

paramount in this industry when accuracy matters most for digital models [6]. Simulink 

by MATLAB has provided a foundation not just for battery improvements in EVs but 

also for vehicle dynamics in general. Figure 4 shows a general Simulink block diagram 

model of a petrol engine vehicle. The model incorporates several elements such as 

vehicle dynamics, tire dynamics, and gearcase outputs along with front and rear 

differential outputs.  Figure 5 shows an example of an electrical model that controls a DC 

motor by implementing a PWM and an H-Bridge. Figure 4 and Figure 5 display how 

Simscape can build basic mechanical and electrical systems using physical blocks that 

can easily be pulled from a list of default programs or customized to meet a specific need. 
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FIGURE 4: Vehicle Dynamics Diagram [7] 

 

FIGURE 5: Electrical Diagram  [7] 

 

Simscape is a capable tool for DT research and meets several requirements that 

are needed to develop a successful model. A system-level simulation should check off 

four points of interest. First, the simulation needs to provide a common framework that 

can communicate between a systems engineer and a design engineer. Second, it needs to 

support behavioral system definition by defining how main components communicate 

with subcomponents. Third, the software needs to provide off-the-shelf functionality to 

eliminate the time required to create a model from scratch. Lastly, the software needs to 
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be customizable for the end user, this is by far the most important as every DT iteration 

might change [8]. 

Current academic research in the EV field varies greatly depending on the sector 

of interest. One example of current EV research is the supercapacitor (SC) technology 

research being performed by Canmet Energy Research Center. Here, the introduction of a 

SC can improve the functionality of the EV electrical system by allowing a larger 

capacity of energy storage, quick discharge, and extended battery life. Figure 6 shown 

below is a Simulink digital model of a hybrid energy storage system (HESS)/SC [9]. This 

model takes advantage of model subsystems; this leads to cleaner code and a better way 

to visualize the system. Each subsystem can easily be viewed by clicking on the sub 

model. The sub models can be viewed in Figure 6 as light gray boxes. 

 

FIGURE 6: Model of SC [9] 
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2.2 Solar Vehicles 

The first solar vehicle was invented by William G. Cobb who worked for General 

Motors. Cobb’s invention, dubbed “The Sun Mobile”, was a solar powered vehicle that 

had a 15-inch photovoltaic (PV) panel attached to the roof of the car [10]. The 15-inch 

panel shown in Figure 7 was made from close to 11,000 individual solar cells, the 

combined charge propelled the car using a small electric motor.  

 

FIGURE 7: William Cobb and The First Solar Powered Car [10] 

 

In 1980 at the engineering department of Tel Aviv Israel, a solar powered car was created 

that used eight batteries to store electrical energy. As seen in Figure 8, this was one of the 

first fully rechargeable solar powered vehicles that are in public record. The engineering 

department stated that the solar EV could reach 40 mph and a max range of 50 miles. 
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FIGURE 8: First Full Solar Vehicle [11] 

 

Solar powered vehicles in their most basic functionality consist of a PV solar 

board mounted to the top or sides of a vehicle, a battery to store generated power, a DC 

motor, and an AC motor. The current from the solar cell is sent directly to a DC or AC 

motor. Solar EVs can become very complex when controllers are involved. Most 

performance or racing solar EVs require complicated software and subsystems to reach 

max output speeds and distance. An example of a basic solar cell model is shown in 

Figure 9. This model contains a solar unit, a battery system, several converters, and a 

maximum power point tracker (MPPT) that regulates the voltage coming from the solar 

cell. The battery system then sends current directly to the electric motor(s) on the vehicle. 

Solar models can be simulated in Simscape or Simulink. Both software can be used to 

predict the behavior of power or energetic characteristics of solar cells. 
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FIGURE 9: Basic Schematic of Solar EV System[12] 

 

2.3 Solar Racing Vehicles 

Beginning in 1983, Hans Tholstrup and Larry Perkins created the first solar race 

car trek, The Quiet Achiever, also known as BP Solar Trek. As shown in Figure 10, the 

EV was made entirely out of fiberglass and was powered solely by solar energy. The 

solar power system contained two rows of 10 36-cell solar panels which were rated at 1 

kilowatt and could achieve an average speed of 14 mph [13]. The Quiet Achiever was 

able to drive up to 2500 miles in under 20 days. Following the success of The Quiet 

Achiever, public awareness was raised to increase competitiveness between different 

manufacturers and student organizations. In 1987 the Australian World Solar Challenge 

was the first among many to host a solar racing race. The race consisted of 23 different 

solar EVs. Today the world solar challenge still reigns as the top competitive solar race 

car event. 
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Solar racing is still an academic pastime, schools across the world still compete to 

see who can build the fastest long-lasting solar EV. The largest known American solar 

racing competition is The American Solar Challenge. The solar racing teams strive to 

travel 1975 miles over eight days while minimizing their reliance on external charging 

(beyond solar). Other race competitions are strictly set on a race track such as the 

Formula Solar Grand Prix, which is an annual solar race that is confined to a closed loop 

and serves as a qualifier for the American Solar Challenge. 

 Currently, the University of New South Wales (UNSW) has claimed the world 

record for the fastest solar powered vehicle. The Sunswift solar race vehicle can reach a 

top speed of 55.077 mph [14]. The body is constructed out of carbon fiber to reduce 

weight, the motor that powers the three-wheel EV is CSIRO 3 phase DC 1800 W and has 

a solar array producing around 1200 W of power.  

 

FIGURE 10: SUNSWIFT Solar Race Car [14] 

 

As of 2022, research in solar racing technology is being tested by Siam 

Technology College to see how the efficiency of solar EVs reacts to weather conditions 

and urban environments. The experiment began in Thailand with tall buildings to see if 
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city structures would block sun exposure to the cells. The results were compared with the 

open country of Australia where open land does not impede the sun's direct influence on 

solar cells. Figure 11 displays the results of the electrical energy produced by the solar 

cells [15] and shows the clear impact of the urban environment reducing the power 

produced by equivalent solar panels.  

 

FIGURE 11: Comparison of Solar Energy Produced [15] 
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CHAPTER 3: DIGITAL TWINS 

3.1 What are Digital Twins? 

A DT can best be described as a digital model of a real-life physical object. The 

real-life object will typically have sensors to monitor the physical properties to convert it 

into digital data. Most DTs are based on mechanical designs to give feedback to the 

designer so that improvements can be made. Take the engine of a car for example, a 

current engine will typically house several sensors to track the performance of the engine 

or alert the driver if a mechanical failure happens. This direct feedback from a physical 

system allows real-time data to be monitored to create a positive feedback loop. 

 A DT’s primary function is to allow the designer to predict how the product will 

respond to future use. By taking real-life parameters and creating a digital model, 

designers/engineers can run the model on many different scenarios to see where the 

model might fail. This type of predictive engineering is an attractive option for 

companies that want to evolve their products while keeping costs low. For some 

products, the cost of testing might prevent a company from making their products better; 

for example, the turbine company Siemens is known for testing and gathering data on 

new turbine engines, this can be very costly and almost impossible without infrastructure 

and partnerships with local energy providers. That data must come from sensors which 

have to come from a real-life turbine setup, a typical turbine setup is more than just a 

turbine, it includes piping, foundational support, generators, substation- to handle the 

electricity- and filtration units that are sometimes larger than the turbine itself.  Once you 

build one setup and gather all the data, a DT can be made that will allow changes to the 

turbine system to improve performance without having to build a new version.  
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DT offer a wide range of benefits, not only do they allow for physical models to 

be represented in 3D, but they replicate the physics of the model. 3D models that 

replicate physical objects are helpful for companies that produce complicated parts and 

need to train new engineers on how the components mate. Companies that digitize their 

products in 3D will have better training material when the time comes to design or 

improve their products. DT research is becoming an ever-increasing topic for researchers. 

Figure 12 is a graph showing the growth of search results within IEEE EXPLORE. The 

increase in growth shows that the interest in this field grows every year.  

 

FIGURE 12: DT Growth in Research [19] 

 

3.2 How Are Digital Twins Used in Industry? 

Several large companies are taking advantage of either supplying the software to 

create DTs or designing DTs to improve product performance. A few companies profiled 

include Autodesk, ANSYS, PTC, Dassault, the Department of Energy, and the 

Department of Defense. Autodesk is leading the way with their new Autodesk MEP 

software that is designed to model DTs in architecture and building design. With Internet 
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of things (IoT) coming online, large systems and subsystems like HVAC and the power 

grid can give building owners and architects large amounts of data to integrate within 

architect software suites. Originally, buildings were modeled as DTs for strictly visual 

purposes, such as games or seminars, but today they have become interactive with a live 

data feed that can improve a building's performance by predicting maintenance cycles 

and degradation of the building itself. Figure 13 is a visual representation that Autodesk 

uses to showcase its architecture suite. 

 

FIGURE 13: Representation of Autodesk Digital Architecture [16] 

 

PTC is also well-versed in DT technology; its software suite is specifically designed for 

physics-based applications. Figure 14 is an image taken from their website. 
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FIGURE 14: PTC Representation of DT [17] 

 

PTC creates different software suites such as Creo and ThingWorx to implement DT 

technology that directly connects to smart manufacturing and IoT. Thingworx is the 

industry standard when it comes to DT platform architecture, PTC has created an entire 

suite to take advantage of IoT or smart manufacturing and can even turn the data into 

augmented reality to better display the results. 

Dassault Systèmes is a French software company best known for its 3D CAD 

package SolidWorks. Dassault also owns the 3DSMAX software package, this software 

is used to model architecture and normal objects but without the physics getting involved. 

The company has recently thrown its hat into the DT arena. Below is an excerpt from 

their website explaining their new 3DexperianCity software: 

Dassault Systèmes, for example, worked with the National Foundation of 

Singapore to create a complete virtual twin representation of the city using the 

3DEXPERIENCity® solution. By combining geometric, topological, and 

environmental data with information on everything from climate to traffic 
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patterns, Singapore can run simulations and virtual tests to understand and 

develop solutions to urban planning challenges [18]. 

Figure 15 shows a screenshot of Dassault software on city planning by using different 

sensors to take real-time measurements, this type of data is how the smart grid can 

continuously improve upon itself. 

 

FIGURE 15: Model of a City Using 3D Experience [18] 

 

Figure 16 displays the simple concept of a motor transformed into a digital asset, this 

model can then be used to produce numerous simulations to provide data for smarter, 

more informed control. Motor systems are constantly evolving and need real-time 

feedback in order to improve the current draw, shaft torque, and bending loads. Similarly, 

digital models along with sensitive sensors can shed light on what works and what 

doesn’t work inside an electric motor. 
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FIGURE 16: DT Representation [19] 

 

DT technology is becoming more popular as time goes by. Having a digital copy 

of a real-life product can save a company millions of dollars compared to a traditional 

research and development process. Most car manufacturers take around six years to 

design and develop a new vehicle, which could be shortened by half just by 

implementing DT technology [19].   

 As DT technology advances software such as cloud business management 

systems (BMS) could aid in data storage and monitoring [20]. Cloud computing would 

strongly benefit an industry that seeks to harness the full potential of DT technology. 

Figure 17 displays an example of how the cloud service plus AI technology is integrated 

between real-life products and the digital reflection of that product. 
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FIGURE 17: Cloud Integration of Big Data [20] 

 

Figure 18 shown below explains in detail the levels or layers of cloud-based data 

acquisition that also includes other functionality beyond EV performance but also solar 

performance. The DT architecture shown below contains four layers. The physical layer 

corresponds to physical objects and conditions such as vehicle weight, solar panel surface 

area, road grade, and weather conditions. The connection layer includes sensors that 

collect data from the physical environment. The virtual layer is the virtual copy of the 

physical model; this includes the drivetrain and electrical components along with solar 

and external environmental elements. Finally, the service layer is the dynamic real-time 

monitoring of the DT that uses AI and specific algorithms to tweak and tune the data to 

fit a certain need [21]. 
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FIGURE 18: Service Layers [21] 

 

In the vehicle design space, several software suites can provide deeper simulation 

data to help predict vehicle characteristics. VI-CarRealTime software is used to provide a 

robust package of dynamic vehicle data by supplying 14 Degrees of Freedom (DOF) 

physics vehicle models. This software, plus the addition of Simulink, provides a powerful 

tool in bridges several vehicle concepts together. Previous research used this software 

along with creating virtual simulations of track environments. Figure 19 shows a 

simulated track versus a real track [22]. 
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FIGURE 19: Race Track Versus Simulation[22] 

 

Figure 20 and Figure 21 represent how a digital model incorporating track data can be 

implemented. These figures display the vehicle’s trajectory in three dimensions. In Figure 

20 you can see both a top-down view and elevation data, which is used to create a more 

accurate depiction of a real track environment. Figure 21 displays the speed, power, and 

efficiency of the telemetry data of a real EV (red) versus a simulated DT of that vehicle 

(blue). There is general agreement between the models as the blue and red lines of the 

graph are very similar to one another, this shows the simulation was calibrated to fit the 

real-world model. 
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FIGURE 20: Vehicle Track Trajectory [22] 
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FIGURE 21: Telemetry Data Versus Real World [22] 

 

Figure 21 shows the advantage of tracking physical models, this concept allows data to 

be viewed graphically to better understand the model’s performance. Digital track data 

can precisely show faults in aerodynamics or engine performance. The faults can be 

corrected by viewing a simulation of the track environment. Track simulations can track a 

vehicle’s physical trajectory along with the throttle response at given time intervals. 

Simulating different tracks along with varying vehicle modifications will deliver stronger 

data sets, these data sets can be used to predict future behavior. 
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CHAPTER 4: METHODOLOGY 

The core of this research is to create a DT model of the Team Sunergy solar 

powered electric race vehicle. Simscape is the primary software used to create the EV 

model. Using this software, several systems will be modeled based on the previous data 

provided by the solar powered electric race vehicle. The model used in this research can 

have various outputs based on different inputs into the model. Figure 22 shows the 

model's inputs and output. The inputs include solar cell information, battery type, vehicle 

motor, type of vehicle body, the size of the vehicle wheels, the vehicle drag force, and 

course grade. The outputs the model will offer include vehicle distance, vehicle velocity, 

motor current draw, battery current draw, power consumption, power generation, and 

battery SOC. The main model will contain several subsystems that will exhibit the 

physics of certain components or operations in the vehicle.  

Four specific subsystems are considered in this model of the solar EV ROSE. 

These subsystems were taken as the foundation of what a DT would need to simulate a 

true solar EV environment. The first model will include the solar array; this system will 

be the energy supplier for the EV. The second model will be the battery system; the 

battery system will transfer the energy generated from the solar system to the motor. The 

third system will include a model of the EV electric motor; the motor modeled in 

Simscape will include the same features as the motor on the EV. The fourth subsystem 

will include the vehicle dynamics; this model will include the tires, vehicle weight, drag, 

and elevation changes. The entire system will also be simulated on varying terrain grades 

in order to capture the data of a real racecourse. 
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FIGURE 22: Model Capabilities 

 

4.1 Physics-Based Modeling [System Architecture] 

The solar powered racing EV DT takes several subsystems to output viable data 

that can be used in real-time simulation. Figure 23 and Figure 24 both represent a basic 

layout of how a solar powered EV would be pieced together.  Using Simscape, a physics-

based model was developed to accurately represent the real components of an EV 

vehicle. Ideally, a physics-based model would be represented by a single file or program. 

Unfortunately, an issue with the vehicle dynamics, PV solar array, and battery 

components caused compatibility errors and prevented the model from reliably solving as 

a single model. The current workaround was to have two separate models that are 

working together based on the data or current drawn from the motor. The motor data is 
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contained in the model shown in Figure 23. The current draw from the motor is sent to 

the solar cell and battery model shown in Figure 24 by a block called out current draw. 

Although there is no battery in the vehicle model, a stand in battery is used to simulate 

the charge being taken from the system. Figure 23 shows the stand in battery is set at 

mVolts; this value is a placeholder that can be changed through the settings initial 

function setup portal. As the motors run, Simscape will calculate the charge required to 

power the motor from the battery. The current draw from the motor is saved as data 

shown in blue; this block will export the current draw from the motor to the solar/battery 

model. 

 

 

FIGURE 23: EV Dynamics / Motor Model 
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FIGURE 24: PV Solar Array /Battery Model 

 

The out current draw function is the primary way the two models communicate. The 

vehicle model shown in Figure 23 is run first to populate the current draw from the 

motor, next the solar and battery model uses the vehicle data to run the solar and battery 

simulation. The model can incorporate varying levels of track grade. As the vehicle 

traverses different road gradients with varying incline degrees, the motor will require 

more current to stay at a certain speed. The amount of current that the motor will need 

based on achieving a steady speed is calculated by the PI control, the PI control 

parameters can be changed quickly to display different models that portray the EV 

behavior during a race. The entire model can display the battery’s SOC based on input 

parameters, such as vehicle weight, vehicle set speed, drag coefficient, track gradient, 

solar panel capacity, type of motors used, and the number of battery cells used. Each 

block contained in the model can vary the simulation based on vehicle, battery, and solar 

characteristics. These characteristics can include vehicle weight, type of motor, type of 

battery, and type of solar cells used. Ideally what you want from a solar EV race car is 
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concentrated energy storage with as little vehicle weight as possible. The solar model 

described in the next section goes into the electrical architecture of the model. 

4.2 Motor Modeling 

The motor and drive block shown in Figure 25 is Simscape’s electromechanical 

solution to integrate a motor that responds to electrical energy and mechanical energy. 

The motor block is modeled after a Mitsuba 2096M DC motor, and it has a rated output 

of 2000 W and weighs around 3.0 kg. The block has six total ports and of the six only 

five are used in this model. The first two ports located on the left side connect to the 

battery- in the current model’s case, a stand-in battery, and the other two ports located on 

the right connect to the axle of the vehicle. The port located at the top of the block is the 

torque sensor. This port is useful in PI control since it can increase or decrease the motor 

performance based on the required torque at any given moment.  

 

 

FIGURE 25: Motor Control and Drive 
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The parameters allow this model to be configured to match the motor parameters 

provided by Team Sunergy. The key parameters for this block include torque, power, and 

efficiency characteristics that are useful for basic modeling. Although Simscape does 

offer more advanced motor blocks, this model serves as a suitable initial representation of 

the real-life Team Sunergy’s EV race vehicle.  

 

FIGURE 26:Motor Control Parameters 

 

The mechanical rotation speed W is also an output on the block shown in Figure 26 but is 

not used in this model. The motor and drive system block is a hybrid physical model that 

can simulate the electrical and mechanical forms of energy; this type of modeling is 

convenient because the developer can easily transition from one domain to another 

without the need for lengthy calculations or complex interfaces. As electrical energy is 

entered into the motor port parameters, the energy is converted to mechanical torque; this 

torque is typically sent to a drive shaft or axle. Figure 26 displays how the control 
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parameters can easily be changed to modify the motor setup. See Appendix F for specific 

values used in the parameter box. 

4.3 Vehicle Dynamics Modeling 

The vehicle dynamics modeling block is the core of the model. The block is 

responsible for taking in several data points and combining them into one solid physics 

model. Figure 27 is the Simscape vehicle dynamics block. The vehicle dynamics block 

has several elements that make this block a powerful core of the vehicle physics model. 

The left-hand side of the block contains the axle node; this primarily receives data from 

another block such as a motor or a static set value and incorporates those values as a 

toque. The torque is then used in combination with tire parameters to produce vehicle 

speed.  

 

 

FIGURE 27: Longitudinal Vehicle Block 

 

The percent grade (PG) node is a very powerful tool and a key feature of the DT. The PG 

function allows you to add a dynamic change in grade relative to a flat plane; this works 
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in the positive up-coordinate direction and the negative direction. This can be useful for 

race teams using a DT like this model, by taking the topography elevation coordinates 

from google maps or other positional applications, you can map out a racecourse’s 

change in grade. This is a powerful advantage considering you can see in real-time what 

type of charge is leaving your system depending on the grade at that point.  

Figure 28 is the parameter screen, which allows the modification of your vehicle 

by changing its mass, type of tires, drag coefficient, and frontal area of the vehicle that 

encounters most of the drag force. Simscape even offers default values for small, 

medium, and large vehicles- these options are good to test generic simulations quickly 

when vehicle parameters have not been specified. The two other nodes, brake, and wind 

will not be used in this simulation; they can be helpful in other applications but for this 

study, they have not been implemented. Figure 28 shows the parameter section of the 

vehicle block; this will determine vehicle dynamics. 

 

FIGURE 28: Vehicle Block Parameters 
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Figure 29 displays how the speed is controlled on a high level. Figure 29 will also 

show the entire block diagram of the model to get a better view of how each block 

interacts with the other. Figure 30 is the PI control of the vehicle block. As the vehicle 

speed is sent out of the vehicle block the PI subsystem grabs that data at point A, and it 

then sends it to the error block where the current data is subtracted out by the set data 

point. The purpose of doing this is to control the speed of the vehicle since the simulation 

cannot have a real driver present. A set value is used to populate data. The set value, or 

speed, is 15 m/s but this value can be changed to any speed. 

 

 

FIGURE 29: Vehicle Block with Speed Control 

 

The data from PI control is sent to the A block, this block is used to transfer data from 

one model to another. This is shown in Figure 31. The data from the A block directly 

influences the torque going into the motor; this in return controls the speed. The feedback 

loop allows the motor to increase the current draw when the vehicle approaches a grade 
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level higher than zero degrees. When the vehicle is going downhill, the motor will use 

less energy since torque is not needed during that time. The PI control does not 

incorporate derivative functionality; only integrative and proportional control is used. 

Saturation was used to limit the model from generating a torque higher than what the DC 

motor can handle, this keeps the model in line with realistic results. 

 

 

FIGURE 30: PI Control for Vehicle 

 

FIGURE 31: Data Entry from PI 
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4.4 Racecourse Modeling 

The ability to model a racecourse and simulate the results is the focus of this 

research. This research will allow Team Sunergy to track the performance and energy 

usage across different terrain types. Racecourse modeling is combined into two 

categories; the first is flat track modeling and this type of modeling will give insights into 

the battery life and charge dissipation levels on flat surfaces. Since no grade is involved 

in the model, less current is needed by the motors to propel the vehicle forward.  It is 

important to note that both the flat track and road course modeling are longitudinal 

models that do not include the impact of curves or stops in the simulation. 

  The second category is road course modeling, which introduces real terrain grade 

levels to give the model a more accurate depiction of how the vehicle will respond in 

real-life. This type of modeling is the most beneficial considering most tracks in 

competition contain large hills and valleys. Knowing the grade level can help predict the 

type of strategy ahead of time to win a race. The grade levels can be mapped into a data 

set by using mapping technology, such as google maps, or other third-party software 

available online. By knowing the grade and distance, a simple matrix can be set up to 

import the data into a format MATLAB can recognize, this data can be used to simulate a 

track environment. 

4.5 Flat Track Modeling 

Flat track modeling is used to test certain parameters without using elevation 

changes; it primarily runs the model without using complicated calculations. This is 

handy for prompt calculations. Flat track modeling does not implement grade when 

calculating motor current draw. Figure 32 exhibits the road course modeling system when 
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grade is not used, the model calculates the amount of charge stored in the battery 

throughout the trip. 

 

FIGURE 32: Road Course Model System 

 

4.6 Road Course Modeling 

The road course modeling uses several data sets to calculate the PG. To have an 

accurate model of terrain, a certain number of data points will be needed; these data 

points include the distance from a starting location and the elevation level on each unit of 

distance traveled. This data can be obtained from third-party applications that map 

specific roads, highways, or tracks. As the accuracy of the input data increases, so does 

the model. The model uses CSV files to easily upload and store the data used for track or 

road course mapping. Figure 32 demonstrates the specific functions in the simulation 

used to calculate the grade percentages used in determining the track performance of the 

EV. 
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FIGURE 33: Course Grade Calculation 

 

FIGURE 34: Course Grade Sub System 
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FIGURE 35: Sample Distance and Grade Value Matrix 

 

Figure 33 is a subsystem of the course grade calculation. This block pulls in data from the 

vehicle block such as distance traveled and inserts it into a look-up table shown in Figure 

34. The distance traveled and grade values are inserted into matrix format as shown in 

Figure 35. The lookup table has three inputs and one output. The x value is the relative 

position of the vehicle, the xdat entry is the distance variable, and the ydat is the grade 

variable. Both the xdat and ydat are managed as a matrix function through MATLAB. 

The matrix data set is a function called when the lookup table is used. Once the three 

inputs are entered into the data table the output is sent to the vehicle block as a PG data 

point. Once the vehicle block receives the PG data point it calculates a new velocity for 

the vehicle. Higher grades will also reflect in the current draw as well as the velocity. 

4.7 Solar Panel Modeling 

The solar array and battery model are dependent upon the execution of the vehicle 

model. Since the solar model is dependent upon how much energy leaves the battery, the 

vehicle model is run first to calculate the energy needs for the EV. The amount of energy 

taken out of the system is then sent to the solar and battery model where the solar and 

battery function blocks calculate the appropriate graph to show the SOC of the battery. 
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FIGURE 36: Solar PV System 

 

Figure 36 displays how the solar to battery electrical system works. The PV array shown 

in Figure 37 is a Simscape block that takes the traditional solar array network and 

condenses it into a single block. This cuts down on the number of blocks used in the 

Simscape architecture. 
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FIGURE 37: PV Solar Array 

 

The solar block has three main connections, an input of irradiance, and two electrical 

connections. The irradiance can be entered as a set value, or a more dynamic approach 

can be taken to vary the sun’s irradiance depending on the time of day and the position of 

the sun in the sky. 
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FIGURE 38: Solar PV Parameters 

 

The Simscape solar cell parameter block is convenient in the fact that you can customize 

a solar cell all in one block. This can lead to rapid solar cell testing without the need to 

add dozens of cells in parallel or in series to achieve a certain power output. The 

parameter menu allows the user to set the number of cells that need to be used in the 

calculation. Looking at Figure 38 and Figure 39, Simscape offers a repository of solar PV 

cells that have manufacture data already prepopulated; this option is in the selected part 

section. 
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FIGURE 39: Solar Cell Manufacturer Datasheet 

 

The remaining solar cell parameters can be modeled given the correct data such as 

cell characteristics, panel configuration, and temperature dependence. The solar PV block 

irradiance for this model is set to 1000 W/m^2. This value was selected as a base value; 

but can be adjusted to represent the actual energy levels captured. Actual solar array data 

was modeled from MAXEON GEN III cells; this data sheet can be found in Appendix I. 

The total power output from the solar cells totals 1.2 kW with 326 total cells covering 

ROSE. Appendix J has more details on the solar cell energy output. 

4.8 Battery Modeling 

The battery model is a relatively new block that was added to Simscape in the 

2022 release; it offers some basic parameters as well as custom functionality for different 

applications. The battery block natively contains a node for displaying SOC and can be 

easily connected to basic electrical sensor blocks to measure voltage and current. 

Although battery systems can range in complexity and design, and sometime serve as the 
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focus of complex Simscape models, the default Simscape battery block has the key 

features needed for modeling an EV race car. 

 

FIGURE 40: Battery Block System 

 

Figure 40 is the top-level view of the battery block system and its connections. The 

battery system receives charge from the solar array block, and it also contains a 

controlled current block that pulls current from the battery from the vehicle model. The 

vehicle model will simulate different grades on a racecourse; during different grade 

changes the vehicle will require more energy to be pulled from the battery. Once the data 

from the vehicle model is complete, it is sent to the battery model where the controlled 

current pulls charge from the battery by implementing the out.currentDraw function. The 

out.currenDraw function is the link between the vehicle model and the battery model. As 

the data changes in the vehicle model, the out.currentDraw will import that data into the 

battery block. 
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FIGURE 41: Battery Block Parameters 

 

The parameters for the battery are simple in scope and relevant to the functionality of this 

model. Figure 41 shows the battery parameters and some of the custom options that can 

be set for different scenarios. Although the battery parameter block allows for a wide 

variety of customizability, the charge capacity setting is set to infinite for this model due 

to the lack of detailed battery information.  The state of charge of the battery is 

determined by coulomb counting or current integration, where the current draw from the 

battery is integrated over time.  This integrated value represents the number of amp-hours 

(or kW-hours) that have been depleted from the battery and can be compared to both the 

battery capacity and rate of recharge from the solar panels. 
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CHAPTER 5: RESULTS 

The research performed on this project shows how DT models can be a powerful 

tool for design and engineering, especially performance-based applications. The research 

findings are, first and foremost, to show the capability of DT software, such as Simscape, 

and how it can be further refined to present an accurate depiction of a physical model. 

Although the model shows a rich representation of how a battery's charge can be affected 

by road grade and solar charging capacity, it does not offer a perfect or complete model 

of the EV. Continued research would be needed to refine the parameters to increase the 

fidelity of the model. 

5.1 Track Simulation 

The results of the model can be viewed for three types of courses; a flat road 

course model where no elevation change is present, a racecourse model where a constant 

grade is present, or a race course where the grade changes as a function of distance along 

the course. Figures 23 and 24 show a complete model of the DT system. Figure 23 is the 

vehicle model and Figure 24 is the solar/battery model. Originally, both the vehicle and 

solar/battery model were in the same file, but due to solver complications, the model had 

to be separated for it to run correctly. To run the simulation, the vehicle model needs to 

populate the data required to accelerate the vehicle forward, and this data is taken from 

the motors that power the EV.  

The data from out.currentDraw is exported to the second model, the solar/battery 

model. Figure 42 shows the data that is imported from the vehicle model as cDraw. Once 

the data is imported into the model, Simscape subtracts the current draw from the battery, 
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and as the battery is drained of current from the vehicle model the solar pack adds power 

back into the battery. 

 

 

FIGURE 42: Solar/Battery Model 

 

Figure 43 is a snapshot of the current draw with no grade, this data is taken from the 

vehicle model’s current draw block. The run time for this simulation is 500 seconds and 

the peak current draw is around 37 A. According to the motor data sheet found in 

Appendix A, each motor has a max current draw of 25 A and two motors have a total 

current draw of 50 A. 
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FIGURE 43: Current Draw No Grade As Measured in the Vehicle Model 

 

Figure 44 exhibits the results of running the solar/battery simulation with no grade. The 

current data was imported into the model from the vehicle model. The top graph displays 

the current pulled from the motor and the bottom displays the battery’s voltage drop. The 

initial current spike peaks around 37 A and settles around 16 A. With no incline present, 

the model displays a smooth flat line indicating the remaining run time had zero to no 

current pulse. This is expected on a flat plane with no varying changes in wind resistance. 

The voltage shows a similar representation as the current above. The voltage flat lines 

around the 25 second mark and stays flat during the duration. 
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FIGURE 44: Current and Voltage No Grade in the Battery/Solar Panel Model 

 

The irradiance of this simulation was set to a default value of 1000 W/m^2; this 

value in real-life is constantly changing depending on the sun’s angle and cloud coverage. 

Figure 45 displays several data points that the simulation captures from the EV model. 

The model’s runtime is 500 seconds to better display the graphical pulses. The first 

graphical display is distance; distance will depend on the time set for the simulation. The 

second data section is PG, but since this simulation is a flat track no grade was present. 

The third section is the vehicle velocity, and this section helps identify the rate of 

movement on certain areas of the track. The final section is the current draw; this factor 

will change dynamically when different grade levels are present. 
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FIGURE 45: Multi Data Chart with No Grade. 

 

5.2 Course Simulation 

The data shown in the flat track simulation displays a simple model to current in 

and out of a system. Most road surfaces are not flat and have varying degrees of grade 

present, therefore, to display how the simulation works on unlevel road conditions a bike 

track geo-locational software was used to calculate the distance and elevation changes 

from the University of North Carolina Charlotte to Appalachian State University. The 

website can be found in Appendix G and Appendix H for further information. Using the 

elevation and distance data, over 235 data points were collected and transformed into a 

CSV file that can easily be read by Simscape. The raw data is then transferred into matrix 

format using the functions in Figure 46. 
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FIGURE 46: MATLAB Data Matrix Functions 

 

The data within the matrix is taken and transferred into two data sets, GRADE, and DIST; 

these variables are used to calculate the PG shown in Figure 47. The dynamic lookup 

table in Figure 48 takes the GRADE and DIST data and subtracts it from X, which is 

positional data from the model; the result is Y data that is inserted into the vehicle 

longitudinal block. The Y variable is filtered to remove outliers. 

 

FIGURE 47: Vehicle Model 
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FIGURE 48: Grade Model 

 

As the vehicle accelerates, any grade change will immediately pull more current 

from the motor. There are three simulations that utilize the model architecture, each 

simulation is set up differently to display differing results. The first simulation involves 

random grade changes; this is to show how the model displays data based on drastic 

elevation changes. The second simulation utilizes actual data taken from a third party, 

this data contains the distance and elevation change from UNCC to Appalachian State. 

The third simulation is the same as the second but in reverse. Since Appalachian State is 

located at a higher elevation than UNCC, a model in reverse would show the results of a 

negative slope environment. 

Figure 49 represents the first simulation with a non-zero grade. The graph is 

broken into four sections; the first shows the distance traveled measured in m/s, the 

second section displays the PG in a graphical format, and the PG is the distance versus 
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the elevation change. This simulation uses an arbitrary course profile with sharp elevation 

changes to display how the other model components react, such as the vehicle and battery 

model. The graph shows that as the grade level increases there is a corresponding rise in 

the current drawn by the motors. As the vehicle climbs a hill naturally more current is 

spent to overcome the gravitational force of the vehicle’s weight. This simulation is set to 

a run time of 7200 seconds and a total distance of over 100 km. The graph gives insight 

into where the motor pulls the most current and verifies basic operation. Having accurate 

road course data will allow the model to display the larger current spikes; these larger 

spikes can be better managed by adjusting the PI control and this will allow for better 

battery performance during a racing environment. 

 

FIGURE 49: Vehicle Characteristics for an Arbitrarily Changing Slope 

 

Following the successful simulation of an arbitrarily changing slope, a series of constant 

slope simulations were performed.  Figure 50 plots the amp-hours expended over the 

course of a two hour simulated run, as a function of increasing grade change. The levels 
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of grade change range from -3 to 3 degrees; each grade degree or slope is attached to its 

corresponding amp hour current draw from running the simulation.  

 

FIGURE 50 Amp Hours as a Function of Grade 

 

Figure 51 is a representative graph from the constant slope simulation; the purpose is to 

show current and velocity output results for slopes set at a certain angle that do not vary. 

This simulation is useful for determining how the vehicle and motor system handle long 

stretches of continuous incline. In reality, most inclines neither last two hours or stay at a 

consistent grade but the data can be useful when the model settings are set to a shorter 

period of time. 
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FIGURE 51 Constant Slope Simulation Dashboard 

 

Having accumulated successes with flat tracks, arbitrary slopes, and constant slope 

simulations, the final simulations would use actual elevation data to determine the 

percent grade as a function of distance along the course.  Figure 52 tracks actual 

track/road data from UNCC to Appalachian State. The purpose of this model is to track 

how much energy usage is required to traverse a certain landscape; this helps predict 

future tweaks in motor performance and what kind of load can be expected from the 

battery and solar cells. The chart shows the road or track from UNCC Charlotte to Boone 

North Carolina has several hills and valleys. The third section shows the change in 

velocity; as higher grades are encountered the vehicle will naturally lose velocity. The 

last section is the current draw, which shows exactly where on the track the most current 

was pulled from the battery. This information gives insight into how to manage energy 

reserves effectively. 
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FIGURE 52: Vehicle Characteristics of Simulation Two 

 

The data from the vehicle model is transferred at the same time to the 

battery/solar model. Figure 45 shows the data coming into cDraw from out.currentDraw. 

Figure 53 shows the voltage and current being taken out of the battery. Looking at the 

voltage and current in Figure 53 we can see where the largest current spikes occur. The 

voltage of the battery keeps a steady charge for around 3000 seconds before ultimately 

showing a downtrend. As 4.191 kW-Hours are pulled out of the system, 2.854 kW-hours 

are added back into the system through solar charging. 
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FIGURE 53: Battery Current and Voltage Uphill 

 

The third simulation was conducted using the same parameters as the second 

simulation except the grade data from UNCC to Appalachian was reversed to test how 

the system reacts to downhill motion. Figure 54 describes the battery and vehicle 

characteristics of downhill motion. As expected there are significant differences between 

the two charts. The overall PG dipped toward the negative range indicating a track in 

downward motion. The overall velocity didn’t stray too far from the other graph which 

was expected, but during periods of significant downward slope, the velocity exceeded 

the setpoint.  This is due to gravity being sufficient to accelerate the vehicle down the 

slope, without any input of the motor. The model does not include the impact of breaking 

and as such, the speed controller never provides a negative or breaking torque, allowing 

the velocity to exceed the setpoint.   
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FIGURE 54: Battery and Vehicle Characteristics Downhill 

 

Figure 55 shows the voltage and current results from the battery during the reverse track 

simulation. The current model is the same as discussed in Figure 52 but in reverse. The 

voltage has some interesting differences from the first simulation. The current drop 

around the 1000 second mark shows a drastic decrease in elevation; this sudden drop in 

current allows the voltage to return to 131 V for a short period, as the lack of load on the 

battery reduces the drop due to internal resistance. As the model progresses, the sudden 

change in elevation decreases which is displayed in the graph as the yellow line evens out 

over time. A downhill climb can become a great asset to solar EV racing when 

regenerative braking is attached. The data from the graph shows that the EV could vastly 

benefit not only from direct solar output but regenerative braking as well.  
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FIGURE 55: Battery Current and Voltage Downhill 

 

 To improve upon the system’s performance (battery range), increase the amount 

of solar capacity being used to recharge the battery and utilize regenerative braking to 

recover energy on the downward slopes. This will redirect that energy back into the 

system to allow longer travel distances. Some of the grade levels are rather extreme and 

this data was taken from a third-party application and, therefore, would need to be 

verified before using it for an actual measurement of performance. Figure 56 and Figure 

57 show that the vehicle requires an average of 3.873 kW-hr. The amount of energy that 

is put back into the system is on average 2.854 kW-hr. This comes directly from the solar 

cells, which replenish close to 73% of the energy that is being consumed by the motors. 

These figures are used as an example and do not constitute real world data, the solar 

panel energy output does not account for electrical losses in charging the battery or 

changing weather conditions. The data is also pulled from simulation three where a lot of 

the traveling was downhill which results in less current draw. 
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FIGURE 56: Energy Taken from Vehicle Model 

 

 

FIGURE 57: Energy Added from Solar Cells 
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While the models presented have shown the ability to model the general behavior 

of a solar EV, there are limitations to this model that would require more complex coding 

to achieve a more refined model of a solar EV system. Mechanically, the model does not 

represent stop lights or stop signs, so the vehicle remains at a constant velocity the entire 

trip. The model does not represent regenerative braking; it could provide tremendous 

benefits by adding energy back into the system. The control of the car does not represent 

a driver, but instead, a PI controller that simulates a constant speed of 15 m/s. 

Electrically, solar cells have limited data and would need further refinement of the exact 

type of cell and its characteristics. No thermal or weather conditions are present during 

solar recharging; this simulation is based on consistent energy flow into the solar cell. 

The battery is limited in its parameter data set and further battery information was not 

included in the model- only the overall characteristics of the battery were included. 

Figure 58 is a graphic displaying the model limitations. 

 

FIGURE 58: Model Limitations 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK  

 

The purpose of this research was to develop and utilize DT technology for a solar 

powered race car built by Appalachian State University called ROSE. A digital twin was 

created using Simscape software that can benefit the progression of solar EV racing. 

Digital twin technology can shape the solar racing EV industry’s future by digitizing 

physical assets to efficiently study their behavior. As history has shown, there has long 

been an interest in EV development, and that interest has grown tremendously in recent 

years. As interest grows, so does the technology and the need for DTs. DT technology 

can model real-life objects, which allows for a better understanding of the object’s 

physical nature.  

ROSE was modeled as a DT in order to predict the 1-D elements of the vehicle’s 

outputs on a track environment. The methodology used in converting ROSE into a DT 

used Simscape to model the vehicle dynamics, the battery system, and the solar cell 

system. The results of the simulation include the vehicle’s local position, characteristics 

of the battery, and solar cell characteristics. The simulation of ROSE as a DT shines light 

on the basic functionality of how a solar EV responds to different track terrains but 

requires a deeper level of modular coding to represent the full potential of ROSE. 

The DT model needed to encompass as much of the vehicle as possible including 

mechanical and electrical domains. Using Simscape, a digital model was created that 

represents all of the main subcomponents of ROSE. The motor was modeled and 

simulated to mirror the exact outputs that were present in ROSE. The battery and 

electrical subsystem were modeled using data provided by Appalachian State. The 

electrical data, such as nominal voltage and cell capacity, were gathered from the actual 
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characteristics of the battery used in ROSE. The mechanical section of the vehicle 

modeled the vehicle dynamics of ROSE; this included the weight, drag force, and tire 

characteristics of the vehicle. The results of the digital model indicate that the software 

Simscape is easily capable of converting the physical domain into digital domain. The 

model was successful in converting all necessary components into a digital representation 

of the solar vehicle as a whole. 

A comprehensive simulation of a solar race vehicle must extend beyond the 

vehicle itself and include the race course. A flat track and incline track were necessary in 

order to simulate the differences between SOC rates of the battery when grade was 

present. To simulate a graded track, a function was created that imported data, such as 

distance and elevation, into a lookup table. An initialization function was responsible for 

parsing input data, such as current vehicle location versus track distance and elevation, 

and saving it as the lookup table. The output was the grade value needed to simulate 

elevation changes. The model was designed to allow custom track data to be imported 

into the model.  

The study required the model to output useful data that could be helpful to a solar 

EV race team. The outputs of the model represent the energetic state of the battery during 

track simulation; the model outputs the voltage and current of the battery based on 

vehicle positioning along the road course. The road course factored in grade changes that 

directly influence the battery’s voltage, current, and SOC levels. The research also 

required outputs on the energy going into the system via solar cells and energy taken out 

of the system via the electric motors. Considering that the parameters of the solar cell 

characteristics can be modified to match a wide variety of panel types and layouts, a 
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simple block in Simscape was used to represent multiple variations of solar cells. The 

parameter functionality gives the option to pick specific types of solar cell manufacturers 

from a comprehensive list. Depending on the settings used for the solar cell, the model 

pulls direct data from the solar cell block and displays the energy produced by the solar 

cell system in kW-hrs. The same data is taken from the current draw of the two electric 

motors and the energy spent is displayed in kW-hrs. The display blocks are beneficial for 

quick analysis of data that is captured from the inputs of the model’s simulation. 

The goal was to produce a model that was efficient at generating helpful 

information, but it was imperative that the model was simple, easy to understand, and 

quick at solving the calculations. The reason that Simscape was chosen over other 

software options was the fact that block style coding is great at visualizing the flow of 

energy and information in the model. As important as the readability, Simscape natively 

allows for modeling of multiple physical domains (electrical, mechanical, etc.) and 

supports the conversion between those domains with standard blocks.  Each block can 

have multiple use case factors that can be changed or modified in one single parameter 

section, which saves time in the field when testing different scenarios. The block layout 

style of programming is also easy to navigate the attachments of surrounding elements. 

For the vehicle and solar/battery model, it is easy to see all the subcomponents of the 

model on one screen, which allows for easy connection style inputs and outputs that 

improve model creation time. 

There are limitations present within the model that allow for growth in future 

research and development of the digital twin. The digital twin is modeled at the system 

level and does not have all of the details of a component level model included (motor 
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controllers, power electronics, wiring losses, etc.). The track simulation of the model is 

limited by the accuracy of the data taken from the third-party website, Brouter (a bicycle 

route planner). The data that the track simulation used was solely used to display the 

functionality of the model’s ability to produce PG variables from raw data; however, it 

was not confirmed as an accurate depiction of elevation change on the route from UNCC 

to Appalachian State. There is nothing unique about the data produced by the Brouter that 

is required for the DT. Any CSV data set that includes course length and elevation can be 

imported into the model. The ability to produce accurate grade results will depend on the 

precision of distance and elevation data sets obtained. 

This research demonstrated the potential for a DT to model the key parameters of 

a solar electric racing vehicle, but by no means represents the endpoint of integrating a 

DT into solar racing development.  The modular nature of the model lends itself to 

piecewise refinement of individual aspects of the model as new information becomes 

available about the subsystems or operational scenarios.  Specific improvements could 

take place in the vehicle model, solar/battery model, and the modeling on the course. 

Vehicle model improvements could include higher fidelity component models and 

validation of component models against actual hardware.  Examples of higher fidelity 

component models include motor controller electronics and the thermal modeling of the 

motor.  Thermal loads could impact motor performance and would be an important factor 

to include for simulated races in hot climates.  Both existing models and higher fidelity 

models would benefit from benchtop testing (dynamometer) that can verify the 

performance specifications, ensuring that the models represent actual specifications not 

just published specifications.  A key mechanical interaction that was not modeled in 



 68 

detail was the tire road interactions.  This could be explored and modeled in greater detail 

and at the very least as parameters that could be changed from course to course and 

potentially as road conditions that change within a course. Finally, the model could be 

transitioned from a simple longitudinal model to a multiple degree of freedom model.  

That would allow for insights into vehicle stability and performance in curved sections of 

courses, etc. However, that would require a significant investment of time over the 

existing longitudinal model. 

There are opportunities to improve multiple aspects of the solar/battery model.  

Introduction of the MPPT electronics that govern the charging of the battery would be a 

step forward in model fidelity as well as more in depth modeling of the battery 

parameters.  The losses from wiring runs and ancillary systems (lights, fans, etc.) are not 

currently considered in the model but would add to the accuracy of the model.  Revisiting 

the solar panel parameters and updating them to include temperature dependence would 

augment the veracity of the model.  Elevated temperatures are known to degrade solar 

panel performance, therefore, races in extreme environments should have temperature 

factored into the simulations. 

Finally, the course itself could be augmented to better represent the dynamics of a 

real race. The introduction of stops or speed changes along the course would be more 

representative of actual road course driving.  Similar to the grade calculations, this could 

be implanted with a lookup table for planned stops along the route.  The environmental 

conditions could also be simulated to include the ambient temperature, which would 

impact the motors and electronics as previously mentioned, but more importantly, the 

solar irradiance could be varied to represent changes in irradiance throughout the day or 
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the impact of cloud cover during a particular leg of the race.  Given a reliable weather 

forecast for the race the following day, information from these simulated weather 

conditions could impact driving strategy (speeds, stops, etc.) for optimum performance. 

The development of a DT for a solar powered electric race vehicle will dispel 

solar race EV performance-based questions. The software is dynamic and fast at 

executing different simulations that require deeper analysis for upcoming solar EV races. 

The DT model can add a competitive advantage by displaying the strengths and 

weaknesses of the DT that is modeled. The customizability of the model will also allow 

new variations of the DT to be uploaded with ease. 

The ability to model and replicate a physical object or system in order to predict 

its behavior is a powerful tool to have in data analytics. The benefit of having a physical 

object represented as a DT is the ability to have a functioning working model that tracks 

changes from the physical vehicle. This working model, along with other simulated 

external environments, can be utilized in competitive solar EV racing. The direct outputs 

of this model can influence important EV decisions that can aid in competitive racing 

environments. The model contains important characteristics that help the end user 

identify the amount of energy entering and exiting the system. The model displays the 

energy going into the system through the data retrieved from the solar cell subsystem. 

The energy going out of the system is captured from the motor and the battery. The 

energy taken out of the vehicle is represented by voltage, current draw, and SOC. All 

outputs are also directly related to track elevation changes. These changes are tracked as 

a function of time and can be customized for any track environment. This model will 

benefit the end user by capturing the digital essence of a physical EV. The model can 
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easily adapt to all future design changes to ROSE; this in turn will reduce the amount of 

software simulations needed in order to model the DT. The software is designed to grow 

with the solar EV; as the EV changes so does the model.  The adaptability, ease of 

programming, and quick processing time makes this DT model a critical asset within the 

solar racing community. 
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Appendix A: Motor Data Sheet 
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Appendix B: Motor Specifications 

 

 

 

 

 

 

 



 75 

Appendix C: Solar Cell Specifications 
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Appendix D: Battery Specifications 
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Appendix E: Motor & Drive Specifications 
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Appendix F: Initialization Functions 
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Appendix G: Elevation & Distance Mapping Software 

 

 

 

 

 

 

 

 

 

 

 

 



 81 

Appendix H: Distance & Grade Raw Data 

The raw data is separated into two columns; the first column is the distance measured in 

meters. Each distance corresponds to the second column which is the grade level.  
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Appendix I: Solar Cell Datasheet 
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Appendix J: Solar Array Data 
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Appendix K: Solar Vehicle Energy Balance 
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