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Abstract 
This Master’s thesis is a continuation of author’s work in the pre-master thesis where an inertia 

motor/generator test bench were designed as a support for development of a new powertrain for a 

“Urban-Concept” battery-electric vehicle competing in Shell Eco-Marathon.  

This test bench makes it possible to mount one of two symmetric powertrains where energy is 

transferred through a roller. By simulating the forces acting on a car the test bench supports 

powertrain development in the test phases in the following ways: 

• Provide a more controlled test environment for development the power electronics and the 

mechanical sub systems of a powertrain 

• Reduce risk of failure on track by providing an easy way to stress test and drive simulated 

laps 

• Measure performance with a built-in torque transducer and Realtime tracking system  

The team also set a goal to reduce 5 kilograms of weight while keeping the monocoque made by the 

DNV GL Fuel Fighter 2017 team. To reach this goal, the development of carbon fiber rims was 

included as a part of a new geared powertrain design with the support of regeneration of energy. 

This powertrain has a clutch system that synchronizes the gears speed and connects/disconnects the 

motor from the system to remove powertrain losses while rolling. The gearing happens with a 1-

stage custom-made gear system with a custom-made internal spur ring gear with 375 teeth providing 

a possible reduction ratio of more than 20:1.   

Some findings done on the new test bench by measurements done on the test rig was: 

• Efficient acceleration and braking 

• The effect of tare losses by having motor always connected at different speeds 

• Efficiency plot for different speeds and motor torques for the powertrain as a whole 

Other findings in the thesis includes the theoretical effect of having two different gearing ratios or 

overvolting the DC motors used in the car. 

The tare losses measured gives reason to believe that a geared powertrain is more efficient as well as 

supporting efficient regeneration of energy. In addition, the new powertrain and carbon fiber rims 

were responsible for a weight reduction of over 7.2 kilograms where 4.7 kilograms of the savings 

were due the lightweight carbon fiber rims at 1.4 kilograms each. 

The car’s performance was proven on track in Shell Eco-Marathon with a respectable 2nd place in the 

race and about 10% of recovery of energy through regeneration of power. In addition, the team took 

2nd place in the communication off-track award. 
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Sammendrag 
Denne masteroppgaven er en videre arbeid av forfatters prosjektoppgave hvor en motor-/generator 

testbenk som også simulerer treghet ble utformet som en støtte for utvikling av en ny drivlinje til en 

"Urban-Concept" elbil laget for konkurransen Shell Eco- Marathon. 

En av to symmetriske drivlinje-enheter er montert til denne testbenken og overfører krefter via en 

rulle. Ved å simulere kreftene som virker på bilen støtter testbenken utvikling av drivlinjen i 

teststadiet på følgende måter: 

• Gi et mer kontrollert testmiljø for utvikling av kraftelektronikk og mekaniske delsystemer 

• Redusere risikoen for feil under løpet ved å forenkle stresstesting og simulering av løpskjøring 

• Måle ytelse med en innebygd momentmåler og datatolkning i sanntid 

Teamet satte også et mål om å redusere 5 kilo av bilens vekt uten å endre chassiset laget av DNV GL 

Fuel Fighter 2017-teamet. For å nå dette målet ble utviklingen av karbonfiberfelger inkludert som en 

del av en ny drivlinjekonstruksjon, med støtte for regenerering av energi. Den endelige drivlinjen har 

et clutchsystem som synkroniserer girets hastighet og kobler/frikobler motoren til og fra ringgiret for 

å fjerne unødige tap under rulling. Giringen skjer via en ett-trinns spesiallaget girsystem med et 

tilpasset internt ringgir med 375 tenner som gir et reduksjonsforhold på over 20:1. 

Noen funn som er gjort på den nye testbenken ved målinger er: 

• Hva som er effektiv akselerasjon og bremsing 

• Effekten av «tare»-tap ved å ha motor koblet til men uten å overføre moment. Dette er målt i 

forskjellige hastigheter 

• Effektivitetsmålinger for forskjellige hastigheter og motormoment for drivlinjen som helhet 

Andre funn i avhandlingen inneholder teoretisk gevinst av å ha to forskjellige giringsforhold og av å  

overvolte likestrømsmotorene brukt i bilen. 

«Tare»-tapene målt gir grunn til å tro at ett giret drivverk er mer effektivt enn belteoverføringen i det 

gamle drivverket, samt at støtte for effektiv regenerering av strøm er en fordel. Totalt var de nye 

drivlinjene og karbonfiberfeltene ansvarlige for en vektreduksjon på 7,2 kilo, hvorav 4,7 kilo av 

besparelsene skyldes karbonfiberfelgene med egenvekt på kun 1,4 kilo per felg. 

Bilens ytelse ble målt som svært god i løpet med en respektabel andreplass og ca. 10% innhentet 

energi via regenerativ bremsing. I tillegg tok teamet andreplass i offtrack  communication award. 
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1 Introduction 

1.1 Shell Eco Marathon (SEM) 
Shell Eco Marathon is a student competition held by Shell where the goal is to drive using the least 

amount of energy. The competition was first held in 1939 by scientists in Shell that we’re competing 

in driving the longest distance on a certain amount of fuel. From 1985 the current became a student 

competition in France for students to make the most efficient cars. 

The competition is divided into two different classes: The Prototype class and the Urban-Concept (UC) 

class. In the prototype class the cars are built for maximum efficiency where the vehicles have three 

wheels and usually the driver lying inside the car. In urban concept the cars have size constraints and 

constraints like the need of lights, window wiper and luggage compartment. The goal in this class is 

both to design an ultra-efficient car and to make a concept car that could potentially inspire the 

industry. Both the both classes are again divided into three sources of energy: Internal combustion 

engines, battery-electric and hydrogen.  

NTNU first competed in SEM in 2008 and have competed in the race each year since then. The team 

has mostly built UC cars, but one Prototype vehicle have also been made. This year the team has been 

working on improving the DNV GL Fuel Fighter 4 which first competed in the 2017, but unfortunately 

without results.  

 

1.2 Team Goals for SEM 2018  
The team have had a few years with problems in the race leading to no valid result. For this reason, a 

working car by far had the highest priority this year. To maximize the chances of a working vehicle the 

decision to keep the monocoque (load bearing carbon fiber chassis) and rather focus on physical 

testing with the goal to develop a reliable and efficient car.  

With keeping the old monocoque some overall goals for the team were set to improve the car both in 

terms of efficiency, reliability and esthetics. These focus areas became: 

• Focus on verification and validation of the vehicle’s performance  

• Design of new motor controller with ability to regenerate braking energy 

• Powertrain that supports regenerative braking 

• Get the car rolling early (February as goal) 

• Carbon fiber rims 

• Changing badly formed windows to new windows for improved visibility 

• Weight: Under 90 kilograms by changing structural parts 

• More stable door mechanism 

With these focus areas the team hoped to get satisfactory results on-track. The hope was to be top 

three. In addition, the team could compete in two off-track awards out of five in SEM. With a marketing 

team that opted for one more year the Communication Award became a logical choice. The other 

award the team wanted to go for was the vehicle design award.  
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1.3 The Team 

 
Figure 1.1 The team celebrating 2nd place at SEM 2018 

In the beginning of the year author and four other members from the old team decided to continue 

working on the project. In addition to this one of the team members of the French team TIM contacted 

us during SEM17 and decided to join the 2018 team as well as he was going to be an exchange student 

at NTNU.  

Among the members that joined from start the author took the position as Project Manager(PM) as 

the only team member that were going to write his master thesis on the project. 

The position responsibility as electrical leader was taken by the French exchange student Tanguy 

Simons where he had help from the former electrical leader as a team member. To get enough 

members to the group various positions were announced. Among these were data logging, dashboard 

electronics, telemetry, clutch system and power distribution. 

With a car built the need for a huge mechanical team wasn’t that huge as the years where a new 

monocoque is built. However, there still were a goal to get some members joining. Therefore, positions 

for new door hinge, carbon fiber rim, window production and mechanical team leader among others 

were announced.  

A group for Research and Development were made with Eirik Furuholmen who was going to write his 

pre-master for the project the 2018 season and his master thesis the following year. By the rules of 

SEM 2019 two doors is mandatory for the 2019 car. With the existing car unable to be rebuilt due to 

the asymmetrical monocoque the goal for this group was to explore new tools for vehicle design like 

generative design and to give a head start for the 2019 team with some knowledge transfer and 

continuity. 

After the last recruitment to this project the team were counting 31 members with different 

educational backgrounds and five nationalities. The team had the following distribution of members 

on each sub-group: 

Mechanical Team 6 

Electrical Team  9 

Research and Development 8 

Design Team 2 

Marketing team 5 
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1.4 Previous work 
As a lot of parameters like motor performance, gear performance and reliability can’t be purely 

calculated analytically. The author’s pre-master thesis was development of a testbench that acted as 

a support for the development of the powertrain both as a verification of mechanical reliability, 

verification of the electric systems functionality, to check if the system performs as wanted and to 

validate that the efficiency of the car was as needed. 

The main driving factors for making such a device was that experience from the 2017 team the 

following things led to a slower development of the car: 

• For motor controller development there was a need for a test bench simulating the driving 

conditions by mimicking forces acting on the car. The team made one in the 2017 year, but 

that one wasn’t easy controllable, had the motor and belt directly connected to a Prony brake 

and didn’t mimic the car’s speed and acceleration depending forces. Driving and working on 

this test bench didn’t cause the same problems as on track. Especially important here was that 

the components tended to brake during acceleration on track but never failed on the test 

bench. 

• Due to the need of transporting the car to do physical testing it was a time-consuming task. In 

addition, it was hard to measure what went wrong on the motor controller with full scale 

testing as one ideally should be able to scope electrical circuits with oscilloscope and use 

debugging tools to find potential problems. 

• By reading reports from 2015 and 2016 it was noted that they also had problems with the 

powertrains that weren’t solved in a good way. These years the vehicle had problems with the 

belts reducing motor speed to the wheel slipping and getting enough startup torque among 

others. With the knowledge that propulsion is one of the statistically most failing parts as well 

as the knowledge that almost every report on the car project states that the physical testing 

didn’t start early enough due to unknown problems delaying testing the wish to decouple the 

powertrain testing from car was wanted. 

• It’s easy to read how manufacturers of belts, motors, bearings, gears etc. promises high peak 

efficiency. However, the actual efficiency is depending on too many factors like how it’s 

implemented, speeds and torque transmitted. For the 2017 powertrain the belts are promised 

to be up to 97% efficient. This however doesn’t say if we’re able to reach these numbers during 

driving or if it’s losing a lot of energy while not connected. 

To best support the development of a testbench for an ultra-efficient car, some knowledge about the 

powertrains in the car was needed. By rules SEM-vehicles can’t have more than two driven axles. Most 

teams tackle this rule by either having two symmetrical powertrain units or one- wheel drive. For the 

“DNV GL Fuel Fighter 4”-vehicle the powertrain units are mounted to the firewall and which separates 

drivers’ compartment. The powertrain units have certain similarities with the swing arms on a 

motorbike where brakes, motor gears, suspension etc. are connected. This made the design quite 

modular where the entire units could either be replaced or taken out of the car for testing as long as 

it had a test bench to be mounted on. 
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Figure 1.2 Render of the powertrain test bench and a picture of the final build.  
Source: Pre-Master work 

To utilize the fact that the powertrains were modular and symmetrical the decision to make a inertia 

motor/generator test bench were one of two powertrains were mounted. By simulating (half of) the 

theoretical forces the powertrain was exposed the goal was to mimic real conditions. To explain how 

this powertrain test bench works an explanation of the rotational parts is needed.  

 
Figure 1.3 The internal components of the powertrain test bench 
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Figure 1.3 shows the internal rotational parts of the test bench and the roller is the part where the 

wheel traction force goes into. On the shaft that connects this further a 0.5% efficient torque 

transducer reads torque transmitted from/to the powertrain to the rest of the design. The roller 

contributes a tiny bit to simulating the inertia of the car, but most of the inertia is simulated a by a 

flywheel that is tuned to the same inertia as the car. This flywheel relates to a gearing of ca 3:1 as an 

increase in the rotational speed means that a smaller freewheel can be used to save the same amount 

of kinetic energy. Lastly a Brushless DC(BLDC) motor can apply positive or negative torque to the 

system to simulate the forces acting on the vehicle. The motors are controlled by a VESC motor 

controller.  This motor controller has control loops for constant torque and constant speed which are 

both useful for stress testing. Simulink by MATLAB is then again used to gather sensor info as speed 

and torque and used to control the test bench and read sensor outputs real-time.  

A further explanation on how this testbench works as well as a description on which forces that are 

acting on the car, theory of efficient driving and works is also written in this the pre-master that could 

be considered as the foundation of this master thesis and therefore highly recommended reading.  

 

1.5 Readers Guide 
For this master thesis the goal was to continue the work started in the pre-master. In this report it was 

stated that future work would be was planned to be: 

1. Mimic real driving on the test bench 

2. Measure efficiency 

3. Use the test rig as support for further work developing a new powertrain with regenerative 

braking with an overall better design  

 
Figure 1.4 The concept of two gears visualized.  
With only one transmission losses should be kept at a minimum as well as utilizing the power of two 
gears 

For the development of a new powertrain it was also a goal to investigate how two gears controlled 

by sliding mechanism could increase efficiency, as it was hard to find literature mentioning the 

synchronization of gears. Figure 1.4 shows a drawing of this concept.  
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To develop the final powertrain and get it light enough, development of a new carbon fiber rim that 

were more suited for the task and made it possible to keep the old powertrains as is were also 

developed with focus on producibility, so it could be made cost effective by the team utilizing NTNUs 

facilities. The works and product development to reach the goal of an ultra-efficient powertrain is 

therefore a huge part of what will be discussed in this master thesis as well as physical testing, 

documenting of the process and a analyze of the race.  

It’s also important to notice that the work on all aspects of the car is team work with the common goal 

to engineer the best possible car. For this reason, I want to present the sub-teams and their area of 

responsibility as well as author’s role. Some of their work is included in the Appendixes as well as in 

some of the figures. 

The Powertrains 

Tanguy Simons:  Responsible for motor controller development and communication and the 

logic behind the clutch control. 

Johannes Nadler:  Responsible for the clutch board and execution of the test bench 

measurements. Main responsible for the motor model and the car model. In 

addition; welding and helping with machining. 

Author’s role:  Leader of the development process with the idea behind the clutch system 

CAD design and FEA simulations, production, gear calculations, 3D printing 

and calculations on gear efficiency, overvolting and analyze of the track 

results.  

The Carbon Fiber Rim 

Nicklas Kaack:  Guru of carbon fiber, manufacturing of the rims. 

Author’s role: Simulations, CAD design, Milling and design of the moulds. As well as setting 

the requirements for the rim and some production. Noted here is that author 

haven’t taken any composite courses, so the help from professor Nils Petter 

Vedvik to setup carbon fiber as a FEM material was done as well as Nicklas 

Kaack to join analyzing the results. 

 

With the author responsible for the PM role as well a lot of work that haven’t been related to the 

powertrain development has also been done. However, including too much of that would have done 

this master very long as well as the work presented here is what author have enjoyed the most and 

thinks are of greatest value to document for future teams.  
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2 Method 
In the pursuit of building the most efficient and suitable vehicle for Shell Eco-Marathon the 

development process becomes quite unilinear by nature. The development of the powertrain and rim 

have therefore naturally been quite iterative where knowledge sometimes only gets available after 

testing or investigating various options. Many of the alternatives presented in this master have 

therefore been tested, either full scale or by simulations and prototyping in the search of a solution 

that could be validated as efficient but not as the one answer on how to do it. 

This product development process could sometimes be described as set-based which according to Lean 

Enterprise Institutes have the following characteristics(Lean Enteprise Institutes, 2018):  

1. Use trade-off curves and design guidelines to characterize (or describe) known feasible 

design sets, and thus focus the search for designs. 

2. Identify and develop multiple alternatives and eliminate alternatives only when proven 

inferior or infeasible. 

3. Start with design targets and allow the actual specifications and tolerances to emerge 

through analysis and testing. 

Delay selecting the final design or establishing the final specifications until the team knows enough to 

make a good decision. 

In addition to using set-based design there is a need to understand bigger picture of the car to reduce 

risk. To give a short explanation to methods used to reduce there some theory used theory from 

systems engineering as the Vee model and methods to reduce the risk by will be described in the 

following subchapter. 

 

2.1 Vee Model and Risk Management 
Most projects have a certain uncertainty which leads to a risk of something going wrong or things not 

working as planned. Especially for a project like building a one-of-a-kind car, these uncertainties 

become inevitable. By trying to push the limits of what’s possible mechanical safety factors are kept 

low and components that are designed to be efficient, meaning that the risk of less reliable and too 

fragile parts. To deal with this the understanding of risk and how to reduce it is crucial.  

To estimate the probability of a risk happening, two components should be measured: the undesirable 

consequence if the event if it occurs and the likelihood that the event occurs. (Walden et al., 2015) In 

such a way the level of risk could be estimated as in Figure 2.1. There’s no other way to eliminate 

almost all risk other than to set the technical goals very low by using only failsafe parts. However, this 

isn’t a good way to design a vehicle meant to push boundaries to be among the most efficient cars in 

its competition. It could also be argued if there is anything such of failsafe parts even with tons of 

safety factors and simplicity in the design when there still is the possibility of assumptions being wrong 

in every choice taken. Therefore, to reduce the probability of something happening by making a good 

risk management plan is needed. 
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Figure 2.1 Risk level depends on both likelihood  
and consequence (Walden et al., 2015) 

One way to reduce the consequence for our car to fail at the race is to design the car in such a way 

that it could be fixed during competition. This could be done by for example bringing spare parts, tools 

like lathes, glue and 3D printers for making better rapid or better dimensioned parts and avoid risks 

that could potentially have horrible outcomes, like for example to small safety factors on the brakes 

or parts that break. Or by making new designs interchangeable with designs that for various reasons 

gets changed in the development of an efficient car. 

Likelihood could be expressed as a probability for an undesirable event happening. Therefore, mapping 

out and reducing the probability of an event could be an effective way to allow risks with high 

consequences without having to have a high probability. It’s not always easy to map out the likelihood 

for components to fail before using them.  

Therefore, testing as a strategy in the product development to reduce likelihood before accepting a 

solution could clearly give results. For illustrating this problem looking at the Vee model. Commonly 

used as in systems engineering (Walden et al., 2015) could be done. The Verification, integration and 

validation phases must be done to verify that the needs of the product are met.  

According to the PMBOK(Institute, 2015) validation and verification (V&V) could be defined in the 

following ways: 

"Validation: The assurance that a product, service, or system meets the needs of the 

customer and other identified stakeholders. It often involves acceptance and 

suitability with external customers. Contrast with verification." 

"Verification: The evaluation of if a product, service, or system complies with a 

regulation, requirement, specification, or imposed condition. It is often an internal 

process. Contrast with validation." 
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Figure 2.2 The Vee Model 

Focusing on testing through V&V to make sure that the physical parts gets verified to be designed and 

manufactured as planned and validated to meet the requirements greatly improves the probability of 

the car performing according to it needs which ultimately are to drive results that gets accepted as 

valid in the race. 

This work to reduce risk as well as not being afraid to change requirements if component tends to not 

satisfy the needs usually leads to an incremental and iterative development where problems are fixed 

by going back and forth as shown with the horizontal arrows and potentially changing design, 

subcomponents and requirements, design and specifications to meet the needs and the goals of having 

an ultra-efficient vehicle.  
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3 The Motors 

 
Figure 3.1 The Maxon RE50 

 

By switching from the hydrogen class to battery electric class the rules for motor controller also 

changed, where the team needed to have a self-developed motor controller. The self-developed motor 

controller in the 2017 car were one of the biggest issues of that year’s team. It never worked as 

intended and stopped working quite often. One of the biggest focus areas in the beginning of this year 

was to get a stable motor controller. As the team member that worked on our motor control had been 

developing DC motor controller for another SEM team before with the same motor type as us and 

seeing several of the best teams in the coemption using these over several years made the choice to 

keep using DC motors preferable.  

In theory DC motors should be one of the easiest electric motors to control. However, some of the 

biggest difficulties with control of the Maxon DC motors is the low resistance and inductance that 

means that while they’re efficient they could also be terrifying combined with bad motor control. As a 

worst-case scenario being controlled such that they get they’re directly connected to the batteries 

nominal voltage without any can give quite a lot of torque and draw a lot of current– which they aren’t 

rated for.  The stall torque of the RE50 48V used in 2017 are 7.37Nm and 17 times higher than the long 

term 0.42Nm nominal max torque) which translates into a potential torque that could accelerate the 

car at 210Nm with one motor per powertrain with gearing set to 1:15 reduction. This will potentially 

overheat the motor in no time if no mechanical parts break first due to the torque. Assuming stall 

torque and 15:1 in gearing the car have 220Nm of torque, in comparison the electric sport car i3 with 

250Nm of torque. This amount of power is neither wanted or needed for our car, that likes it best 

where the motors performs as efficient as possible.  

The 2017 motor controller was controlling the motors with a single mosfet meaning that only one 

quadrant operation was possible. In theory this solution should have very low losses in the mosfet and 

be an appropriate solution for control of the car with one-way bearings. However, with a fly-back diode 

over the motor it also means that the car can’t be moved backwards, as the diode would then burn 

the energy from being in the quadrant two where energy is going into the diode. Another huge 

drawback is that a one quadrant controller can’t regenerate power (QIV, Figure 3.2) and drive that car 

forward (Q1, Figure 3.2). 
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Figure 3.2 The four quadrants of DC Motor Drive  
(“What’s the difference between a non-regenerative DC drive and a 
regenerative DC drive? | Quantum Controls’ Energy Saving Blog,” n.d.) 

 
With the pressure from 2017 on getting a working motor controller of the biggest priorities early in 

the project this year. And, by not having a good enough solution in spare the risks of going for an 

unknown motor type like brushless dc wasn’t acceptable. Some pros on keeping the same motors as 

last year, the 200watt Maxon RE50 DC motor were as following: 

• Being DC motors, they don’t need any accurate control based on the motor magnets position.  

• They also have the highest efficiencies of all commercial motors we have found in the power range 

for the car (<1kW) on the market so far with 94% efficiency according to Maxon.   

• They are lightweight with 1.1kg per motor 

• They are well documented with learning materials available 

 
Figure 3.3 The final motor controller design for this year’s car.  
The controller made by the team uses a universal module for its logic (module made by 
FF09 and much used for electronic control since). H bridge for support of all quadrants as 
well as a current control loop for accurate control of the motor torque. 
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3.1 Motor Model and Efficiency of The Motors 
Most electric DC motors have iron between their windings to strengthen the magnetic field and 

thereby their torque output. The Maxon Motors are however ironless motors, meaning that they don’t 

have the eddy current losses as most other DC motors have due to steel rotating in a variable magnetic 

field. This among others make the Maxon motor perhaps the most efficient motors in their size with 

up to 94% efficiency according to their datasheet. 

According to Maxon motor there’s still two factors to the losses: electrical losses from the windings 

and mechanical losses from the bearings. By using the formulas from 0 the losses could be described 

mathematically: 

The electrical power required to give a certain torque (𝑇) at a certain rotational speed (𝜔) could be 

written as: 

𝑃𝑒𝑙 = 𝑅 ⋅ 𝑘𝜔
2(𝑇 + 𝑇𝑓)2 + 𝜔 ⋅ (𝑇 + 𝑇𝑓) 

Where 𝑅 is the motor resistance, 𝑘𝜔 is the no load friction, 𝜔 is rotational speed and 𝑇𝑓 is the motors 

internal friction, mostly caused by the bearings but also brush friction. If the frictional torque from 

Maxons datasheets are assumed constant, a closer investigation of the maximum no load speed and 

current draw gives the value for the frictional torque. Since the only work done by the generated 

electrical torque is to overcome internal losses the following formula could be used: 

Tf = I0 ∗ kt 

Where the values no load current (I0) and torque constant (kt) could be found in Maxons datasheets. 

To say something about the efficiency (𝜂) of the motors at different speeds and torques the mechanical 

work (P𝑚𝑒𝑐ℎ = 𝑇 ⋅ 𝜔) versus electrical work must be investigated. 

The efficiency of positive accelerating with the car (𝜂𝑀) (Quadrant I / III operation) could be described 

as following: 

𝜂𝑀 =
𝑃𝑚𝑒𝑐ℎ

𝑃𝑒𝑙

=
𝑇 ⋅ 𝜔

𝑅 ⋅ 𝑘𝜔
2(𝑇 + 𝑇𝑓)2 + 𝜔 ⋅ (𝑇 + 𝑇𝑓)

 

While regeneration efficiency which is torque given in the opposite direction of the forward speed 

(quadrant II / IV) could be described as following: 

𝜂𝐺 =
𝑃𝑒𝑙

𝑃𝑚𝑒𝑐ℎ
=

𝑅 ⋅ 𝑘𝜔
2(𝑇 + 𝑇𝑓)2 + 𝜔 ⋅ (𝑇 + 𝑇𝑓)

𝑇 ⋅ 𝜔
 

By plotting these efficiencies, one gets the following graph: 
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Figure 3.4 Efficiency of the Maxon RE50 48V 
Y axis is electric current and x axis rotational speed of the motor. Green line is where the 
back emf is bigger than the voltage to drive the motors and hence max speed at supply 
voltage, blue line is where electrical power equals 100w.   

In the graph the green line is the limiting speed of the motors caused by the back emf canceling out 

the rated voltage of 48V of the motors.  

𝐼 =
𝑉𝑖𝑛 − 𝑉𝑒𝑚𝑓

𝑅
 

The motors can spin faster than rated and only have the mechanical bearing rating and a thermal 

current limit heat to consider according to Maxon. However, in the SEM rules it says that maximum 

voltage is 48V which means that can’t get the 48V RE50 used in the 2017 car to spin faster than this. 

Luckily Maxon produces their motor with different windings, meaning that one could change the speed 

characteristics by changing winding configuration. 

Interesting observations from the theoretical efficiency calculations of the motors are as following: 

• Higher rotational speed means higher efficiency 

• Higher current draws at given speed means more efficiency till a certain point 

• Regeneration have close to similar performance as forward motion with one main exception: 

Braking at very low speed means that work must be done while braking at higher speed means 

that energy is gained. This is also caused by the back-emf and the fact that the Vemf meets the 

regenerated -Vin 

• Maximum efficiency is at ca 3-4 Amps in the simulation 
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3.2 The Effect of Two Different Gear Ratios 
With the knowledge of where the motors perform best it could easily be seen that there are areas 

where you get some more efficiency out of the motors. And that keeping close to the speed where the 

maximum speed is good.  

With much of our assumed power consumption to happen in acceleration and deacceleration in the 

beginning and end of each lap a want to accelerate efficient but fast the idea of two gears were 

investigated. The pros of having two gears where one has a higher gearing ratio is that your closer to 

having an efficient rotational speed for the motors at lower speeds as well. In addition higher motor 

speed combined with higher gearing ratio means higher torque outputs to the wheel with the same 

amount of control current. The concept is illustrated in Figure 3.5.  

 
Figure 3.5 The effect of two gears vs one gear 

To investigate whether two gears had enough influence the assumption of constant torque 

acceleration and a model only considering the available kinetical energy worked in each speed step 

and the motor efficiency was made.  

One more criterion in the simulation was that gearing from first to second gear should change unless 

it more efficient to change and possible due to maximum speed of the motors. In the simulation the 

motor data selected was the RE50 48V as used by the 2017 team. It was assumed that the higher gear 

was 15:1 and that the lower was changed in increments. On the graph results could be seen for 

different accelerations (Nm) at different assumption of how the second gear should be in gearing ratio.  

The results for different amounts of constant acceleration (torque on wheel) to the wheel with 

different gearings are shown in the following graphs: 
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Figure 3.6 Simulation of the amount of energy lost trying to accelerate the car 
to 8m/s at constant wheel torque and with different gearing ratios for the second 
gear. Note that 15 in gearing ratio for both high and low gear means one gear. 

To better illustrate what the graph is showing a time for constant speed needs to be made. By assuming 

that inertia forces from accelerating the car is dominating this means that the car with two powertrains 

will accelerate with a force being: 

𝑎 =
2 ∗ 𝑇

𝑟𝑤ℎ𝑒𝑒𝑙  𝑚𝑐𝑎𝑟
 

This gives the following time to go to/from 8 m/s to stand still a car with a car mass at 𝑚𝑐𝑎𝑟 = 160 𝑘𝑔: 

+/-5 Nm 35.5 seconds 

+/- 10 Nm 17.75 seconds 

+/-15Nm 11.83 seconds 

A closer investigation of what happens in one of the more efficient braking torques (-7.5Nm constant 

braking) in the simulation with a realistic gearing of 25:1 and 15:1 a plot of the speed and RPM I the 

motor was made. In Figure 3.7 the state of the motor is shown. The motor switches gear as fast as it’s 

able to, where the motor can go up to speed. Figure 3.8 illustrates the motor efficiency changes when 

the motor switches gear and spins faster and with less motor current. 
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Figure 3.7 Investigation of when the simulation wants to change gears  
at a one of the more ideal gearing ratios at 25:1 and 15:1 while regen at -
7.5Nm 

 

 
Figure 3.8 The effect of two gears vs one gear 

3.3 Overvolting the Motors 
As earlier mentioned the only limit for how fast the motors could spin is when the back emf are equal 

to the voltage applied. Therefore, alternative to the two gears was to change the RE50 motor to one 

with a lower speed constant. By doing so one could get the motor to spin faster than the nominal 

speed they have. For this investigation we looked at how efficient the motors would be at negative 

torque during the deacceleration phase. The assumption was that each motor should be able to bring 

the car to the same speed of about 25km/h and that the voltage applied was maximum 44V, as SEM 

rules says 48V nominal voltage is max and the batteries in the car are at 44V nominal.  
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Figure 3.9 Regeneration Efficiency at different motor voltages 

The results for this simulation showed that with the Maxon RE50 the higher the rotational speed is the 

better efficiency theoretically. Also, for the RE50 24V the gearing used for the simulations means that 

bearings will go faster than 9000rpm which they aren’t rated for and 13 teeth for the gear means that 

the assumption of a ring gear with 375 teeth at module 1 and 20-degree attack angle as the driven 

gear isn’t possible without gear addendum modifications  

However, some verification for that the motors performs as expected at higher loads is needed. Is for 

example the bearings as good as expected at high rotational speeds?  

3.4 Verification of The Motor Model 
As theoretical values don’t always reflect reality as much one would like and uncertainties the team 

had in whether we were able to control the motors as efficient as we thought a test rig for testing only 

motor efficiency was wanted. With the learnings from the powertrain test bench much of the same 

electronics were used to measure the efficiency of the motors with the use of the following: 

• Motor to motor setup with a Maxon Motor for the load/acceleration These motors are ideal 

for the application as load motor due to low torque ripple 

• A VESC Motor controller (Four quadrant control) for the load motor with possibility for 

constant speed loop meaning that the test could be quasi static with constant rotational speed 

and thereby constant torque to measure 

• Lorenz Messtechnik GmBK DR-2477 2Nm Torque torque transducer for torque readings 

• One of the UM-boards with an ADC reading chip sending data about torque measurements 

• Purpose-built motor controller for the car to drive the measured side.  

• Simulink gathering all sensor data for torque, speed and electrical current / power use 

• CNC milled motor block made of PU-foam to hold the motors together with reuse of the motor 

mounts of the 2017 powertrain 

The final CAD of the mounting bracket could be seen in Figure 3.10 with a few features to highlight: 

The old powertrains aluminum motor mounts were made to fit in the PU-block. To get the correct 

positioning of the motors a “T” shape was added on one side of the motor mounts. This is done to get 

rid of the trouble that a three-axis milling machine can’t make sharp corners in the horizontal direction 

given the tools round geometry. Eventually rounded corners wouldn’t allowed as accurate mounting 

of the aluminum holders. These tracks were cut a tenth of a millimeter too small by purpose and 

iterations of the final cut gave us a snug fit after removing enough material that there was 0.02mm 
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less clearance on the walls than the aluminum holders. Semi-flexible couplings for connecting motors 

to the sensor were used to take up small errors in the placements of the parts. Lastly screws through 

the holding block were used to mount the aluminum mounts and the torque sensor to the block. 

 
Figure 3.10 CAD model of the motor to motor configuration 

A picture of the test bench in use is Figure 3.11 with motor to motor configuration with the torque 

transducer connected in between the motor with flexible shaft connectors. The Lorenz Messtechnik 

GmBK DR-2477 2Nm Torque transducer were chosen for its combination of low cost and decent 

accuracy class of 0.25%. 

 
Figure 3.11 Two Maxon motors mounted in our test configuration 

This setup was used to collect various data points with a Simulink through Serial Communication via 

USB. Tests were done at different torques incrementally, while “locking” the load motor/generator to 

constant speed with the built-in constant speed loop of the Vesc. The results for the measurements 

done on the both regen, and acceleration is shown in the graph underneath and the efficiency 

measured was including losses from the motor controller as this was easier to read than after the 

controller and gave additional info on how efficient the combined system was. 
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Figure 3.12 Data points measured for the RE50 48V 

By using interpolation of the data plots in MATLAB the following beach plots for the Maxon RE50 48V:  

 
Figure 3.13 Interpolation of the data points gathered 

In addition to the RE50 48V the RE50 36V motor was tested, but only in one for acceleration due to a 

partly broken torque transducer that could only read one way. 
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Figure 3.14 Tests done on the RE50 

The results showed that the motors efficiency plots were comparable to the motor model. In addition, 

the team got a confirmation on that regenerative braking are efficient sending energy back to the 

battery.  

A few potential error sources which makes it hard to trust that the results were consistent were as 

following: 

• The motor temperature has influence on efficiency as its mainly caused by coppers resistance. 

Copper windings in a motor at 100 degrees Celsius versus 20 degrees will for example have 

about 2% less conductivity / more resistance 

• Bearings are the other loss. The viscosity of the lubrication of these also change the efficiency 

• The test system was vibrating a bit, meaning that some energy could have been lost here and 

lost at different rates 

• The systems for reading mechanical and electrical power are team developed, not approved 

commercial systems (but designed according to datasheets) 

Still the reading confirms that the motor model and the team’s control of the motors aren’t too 

different. 

3.5 Strategy for Acceleration and Braking 
Higher torque on the motors means that the transmission must be strengthened which usually 

indirectly reduces the efficiency of belts / gears etc. by for example needing a wider contact area for 

the belts or gears or a higher rated belt. To keep the losses to a minimum as well as to make a strong 

enough transfer of the motor power an understanding of which acceleration being necessary are 

important. To find out which motor currents are most efficient with our motors a simulation model 

was made by the team. This model is using the car model presented in author’s pre-master (Appendix 

S:).  

The car simulation accelerates and deaccelerate the simulated vehicle at constant torque and 

calculates the forces working on the car at each time step. The forces in the simple model was 

explained as: 

𝛴𝐹 = 𝐹𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛 − 𝐹𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝐷𝑟𝑎𝑔 − 𝐹𝑅𝑜𝑙𝑙𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 𝐹𝐼𝑛𝑒𝑟𝑡𝑖𝑎 
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As an output it gives how much energy theoretically used per lap and serves as a tool to find the ideal 

motor currents.  

The model is described in Appendix K: and one of the most important findings here was that 

accelerating with about 6 Amps for the Maxon RE50 48V were proven the most efficient. This meant 

that that 10 Amps as maximum motor current were assumed as a good value for maximum driving 

current needed.  

According to the motor model and measurements for this motor 3-4 Amps is the current were the 

most efficient conversion of energy happens. However, the trade of between having to high speed and 

fighting more aerodynamics and not getting everything back in the end shows that it’s a tradeoff. This 

is illustrated in Figure 3.15 were its clear that with 4 Amps of acceleration the maximum speed needs 

to be high.  

 
Figure 3.15 Speed profiles from some of the simulated steps 
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4 The Rim 
With the goal to keep the same monocoque as last year but still cut at least 5 kilograms of the weight 

of the car it’s was natural to focus on big structural parts. The rims with tires accounts for the for the 

second biggest weight of the structural parts according to the master thesis written on the project in 

2017 (Carlsen and Oma, 2017). In this report it’s advised that the 2018 team to investigate how to save 

weight by making new rims in carbon fiber.  

Another reason to cut weight in the rims of a car is that it’s needed to add energy to accelerate wheels 

both due to the weight and the contribution of rotational inertia. This means that added energy is lost 

during the acceleration and deacceleration of the car where this energy is inputted and partly taken 

back by the efficiency of the propulsion as the loss. The loss of accelerating and deaccelerating this 

inertia could be seen by analyzing the formula for kinetic energy: 

Ek =
1

2
Iω2 

By substituting with ω =
v2

r2  and setting rotational kinetic energy equal as the kinetic energy of a 

linearly moving object (Ek =
1

2
mv2) the rotational inertia could be compared to the mass of the car as 

following: 

mequivalent =
I

rwheel
2
 

In the DNV GL Fuel Fighter 4 as presented in 2017 the rims used were made in aluminum. These rims 

were specifically made for the DNV GL Fuel Fighter car in 2014 and had the following specs: 

Weight per wheel 2.57kg 

Rotational inertia per wheel I=0.069 kg/m^2 =>   mequivalent = 1.05kg 

 

4.1 Requirements 
To make new rims a requirement list was made. The requirements were as following:  

Lightweight < 1.5kg (Should) 

Rim profile Michelin UC R95/80 R16 (Must) 

Dimensional Constraints Need to fit in existing geometry (Must) 

Mounting Five M6 screws, fitting the existing 
design (Must) 

Compatible with new powertrain concept Must be possible to mount ring gear 

Air pressure Hold 5 bars without leaking too much 

Lateral force 500N bending (minimum) 

Making carbon fiber rims isn’t straight forward and the risks of making rims that aren’t good enough 

by design is always there. Because of this risk on of the most important things with the rims was that 

they should be backwards compatible - meaning that they should be possible to mount to the car’s 

existing suspension system and the other way around if they were to fail.  

For the dimensional constraints to the center of the rim the front suspension has the least amount of 

clearance between the existing rim and the suspension assembly. The geometrical limits for this were 

inspected closely as shown in Figure 4.1.  

The rules of SEM also say that the tire itself should be minimum 8 cm wide. For the urban concept class 

there’s a purpose-made tire that almost all top team uses, the Michelin UC95/80 R16. It has a much 
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lower rolling resistance than any other tire on the market with a rolling coefficient of 0.013. This tire 

has the constraints for the rim profile as showed in Figure 4.2 and with SEM rules stating that it’s 

mandatory to follow the manufacturer of the tires rim profile the dimensions of the rim also becomes 

a requirement. 

 
Figure 4.1 Some of the geometrical constraints  
1: The rim needs to be mounted on a flat area in the axial center of the tire 
2: The brake caliper is pointing out meaning that it needs additional clearance not to touch it 
3: 5 M6 screws are holding the wheel at a distance 32mm together with a cylindrical center with 
a clearance fit 

 
Figure 4.2 Michelins dimensional requirements for the rim profile. 

4.2 Carbon Fiber as Material 
The current rims are made in high strength aluminum and designed specifically to the DNV Fuel Fighter 

2 in 2013. The expectations of cutting much weight on an improved design for rims wasn’t too big with 

continuing using aluminum. By looking at what other teams were doing the two usual materials for 

lightweight rims was either carbon fiber or aluminum. Since the outer ring of the rim was already quite 

thin-walled the choice of making it in steel or other denser metals than aluminum, with the need of a 

certain thickness for successful milling wasn’t looked at. Carbon fiber however were a good option and 

as Figure 4.3 shows carbon fiber can outperform aluminum when it comes to specific stiffness and 

specific strength. 

MICHELIN TIRES AND RIMS CARACTERISTICS 

Urban Concept 

 
── TECHNICAL SPECIFICATIONS ── 

Maximum pressure: 5 bars (500 kPa) 
Max pressure for storage: 1 bar (100 kPa) 
Load capacity: 100 kg 
Speed limit: 70 km/h 
Recommended rim size: 3.00 B16 - 3.50 B16 
Electrical resistance: > 5 E+12 Ω 

 

 
── TIRE IDENTIFICATION (SIDEWALL MARKINGS) ── 

  

Manufacturing week/year : 
 

Only tires with above markings, manufactured in 2012, are certified conform to this datasheet. 

 

 
── TIRE DIMENSIONS ── 

 

TIRE SIZE DIMENSION 
Section width 

mm 
Overall Diameter 

mm 

95/80 R16 95 558 

Theoretical dimensions depending on pressure and rim 

 

 
── RIM DIMENSIONS ── 

 

 
RIM 

Contour 

DIMENSIONS (mm) 

A B G P H L Q R1 R2 ßβ D 

  
min max ±0,6 min. min. min. max. min. max. min. 

3.00 B 76 ±1 10 13 14,1 13 15 16 28 7,5 4,5 10° 405,6 

3.50 B 89 ±1 10 13 14,1 15 15 19 34 7,5 4,5 13° 405,6 

 

NOT FOR USE ON PUBLIC ROAD 
USE ON TRACK ONLY 

MAXIMUM PRESSURE 500 kPa (73 PSI) 
PRESSURE FOR STORAGE 100 kPa (15 PSI) 

WW12 FOR COMPETITION PURPOSE ONLY 
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Figure 4.3 Specific stiffness and specific strength of different materials.  
Source: carbonovus.com (2018) 

4.2.1 Wet vs. Dry Carbon Fiber 
When it comes to carbon fiber lay-up there is two common ways to do it: Wet fiber layup and dry fiber 

(prepreg).  

With wet fiber layup dry carbon fiber sheets are added epoxy before the final production. This is usually 

done either by adding epoxy to the mound, then fiber, then more epoxy and fibers if needed and 

vacuum bagging it while it cures or by adding dry fiber sheets into the mould and sucking epoxy resin 

through the dry fibers (vacuum infusion). 

Dry carbon fibers, also known as pre-impregnated carbon fiber is carbon fiber that have been added 

slow curing epoxy during production of the fiber. This means that no epoxy needs to be added during 

final production. The epoxy used for this application is usually fine having out for days /weeks in room 

temperature and much longer when stored in a freezer. At elevated temperatures the epoxy cures 

much faster and is therefore usually cured with an autoclave (pressurized oven). 

Some characteristics of the different production methods are:   

Wet fiber layup  Prepreg 

• Cheaper than prepreg 

• Easier to add core 
material in one operation 

• Doesn’t need heat to 
cure 

• Less need of expansive 
equipment 

• Easier to add into moulds  

• Ideal ratio between fiber and epoxy , meaning one 
could expect up to 70% lighter parts (Espel, 2018) 

• Most prepreg fibers need an autoclave to cure 

• Less defects and bubbles mean stronger parts 

• Elevated temperatures set limits to which core and 
mould materials could be used 

• Moulds tend to deform during heating 
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4.2.2 Sandwich Structures 
Sandwich structures utilize spacing of the material with lightweight materials to increase the second 

moment of inertia(I) in a similar way as I-beams. With carbon fiber the common way to do it is by gluing 

a lightweight core material in-between carbon fiber walls. 

By assuming that the carbon fiber plates are orthogonal the stiffness could be written as: 

Stiffness without sandwich structure = 𝐸𝐼 = 𝐸𝑏𝑡3/12 (4.1) 

Stiffness of Sandwich Structure = 𝐸𝐼 = 𝐸 ∗
𝑡/2 ∗ ℎ2 ∗ 𝑏

2
 

(4.2) 
 

 

 
Figure 4.4 Example from Solid Metal Versus Sandwich Panels 
(stressebook.com, 2015)  

Increasing the thickness of a material increases the second area moment without increasing the weight 

too much, as Figure 4.4 which utilizes equation (4.1) and (4.2) shows. 

In practice the core material can be made of a range of  different materials. Figure 4.5 shows PVC and 

honeycomb witch both are popular choices and relevant the rim center plate.  

       
Figure 4.5 Common core materials: Aluminum honeycomb and PVC foam 

The key is that it needs to be light enough, compatible with the process used. In addition, it needs to 

be checked if the composite will be under a lot of crushing forces which especially foam is weak against 

or shear forces which can be quite high. Two common core materials are shown in Figure 4.5. 
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4.3 The Solution  
As the outside of the rim are also a part of the visual part from the outside, the wish to make it as 

aerodynamic as possible was wanted. With spokes potentially destroying the aerodynamics of the 

wheel the choice to go for fully covered center plates were taken.  

The Final CAD for the design could be seen in Figure 4.6 and an explanation of the how its designed 

will follow. 

            
Figure 4.6 CAD of the rim 

4.3.1 The Center Plate 
To make the rims central plate and to get the rims stiff enough the two different geometrical solutions 

to hold the outer ring of the rim to the rotational center were considered, as shown in Figure 4.7.  

 
1. 2. 

Figure 4.7 Different concepts for the 
center plate 

The main reason to only consider fully covering plates and not a regular spoked center was that the 

principle of having plates would mess up the air less than a regular spoke design as well as plates being 

easy to make out of carbon fiber. Solution 1 would use a sandwich wall to hold the rim together while 
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solution 2 would utilize the strength of two sidewalls at an angle proven to be quite stiff according to 

the PAC-Car book (Santin, 2007).  

However, as the geometrical constraints presented in Figure 4.1 made the solution to make the central 

part of one single flat plate made of sandwich structure the easiest. Other pros with this design were 

as following: 

• The team did a similar design in 2011, main difference was placing the center in the middle. 

• Cost. The team had a lot of core material from previous years in the thickness of 20mm with 

various strengths. 

In Figure 4.8 a commercial solution like our choice of center plate is shown, but with aluminum 

honeycomb.  

 
Figure 4.8 A commercial carbon fiber rim for 
Michelin Solar Race Tires 

4.3.2 The Outer Ring 
With the dimensional constraint for the rim profile of the Michelin tires as the main constraint the rim 

design proved to be a quite hard design to lay fiber on. For this reason, producibility became the main 

concern and goal to master to make the outer ring of the rims.  

With the knowledge that pre-impregnated carbon fiber usually is considered easier working with on 

complex shapes as well as assumed to give more consistent, lightweight results as the epoxy ratio is 

predetermined the decision to make the choice was somehow obvious. However, cost was part of the 

picture as well, making it harder to support the choice of prepreg as it usually needs an autoclave to 

cure, where the closest the team could get access to was placed south in Norway. 

With the wish of not having to travel far due to increased cost an alternative to conventional prepreg 

was wanted. Therefore “Out-of-Autoclave” prepreg which is specially made to cure at lower 

temperatures and only under without the need of an autoclave were investigated.  

With easycomposites.co.uk being one of few distributers focusing on the DIY market and thereby 

making instructional videos as well as having the “XPREG XC 110“-system which only needed vacuum 

and an industrial oven to get good results.  
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Figure 4.9 Easycomposites XPREG XC110 

This product series is consisting of two different sheet-thicknesses (Figure 4.9) where the thinnest at 

210 gram/m2 being surface plies with extra epoxy on the surface side to get a good surface finish. The 

416 gram/m2 is for the backing plies.  

 

4.4 Strength Calculations 
Carbon fiber is known to fail quite instantly without any warnings. Combining this with the high 

pressure to inflate the tires makes the most frightening failure mode that the rim could  explode. With 

this knowledge a way to verify if the rim is strong enough to withstand the forces applied is critical. Its 

therefore critical to understand the forces involved and especially the pressure forces. A strategy to 

make the rim in a safe way was therefore: 

• Estimate needed layers of carbon fiber and study different layups by FEA 

• Make the outer ring and pressure test it 

• Evaluate how the ring performs and repeat until wanted results 

• Pressure test every rim produced with the final layup and center plate mounted 

The design criteria for the rims became that they should handle the following 

• 8 bar pressure (5 bar maximum rating of the tires) 

• 2x the forces calculated for the rear powertrain (Chapter 5.4) 

FEA Simulations were used as a starting point where the assumption that the outer ring  was more or 

equally prone to explode without the center ring. With the knowledge that smaller radiuses would 

increase the stresses Michelins rim profile with maximum permissible radiuses and aa asymmetrical 

design with less radiuses on the side it was allowed were used. The mesh were made from with 2 mm 

cquad4 elements and every node were set to have the same 2D normal orientation and shell element 

direction. The results were analyzed with the commonly used unitless Tsai-Wu failure criteria where 

results less than or equal 1 mean it’s able to hold the load.  

First the rim was simulated to be right under 1 with the following layup from bottom up: 

1x XC110 Surface Layer (210 gram/m2) 

6x XC110 Surface Layer (416 gram/m2) 

This rim was produced in the composite lab at the realization lab at NTNU according to easy composites 

recommended curing times for the oven. The production didn’t go entirely to plan with a “pinned” 
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surface finish that were suspected to be due to a leak in the vacuum bag. Still, during pressure testing 

it handled the 8 bar of pressure. 

With the knowledge that the rim with 6+1 layers were strong enough one more layer of carbon fiber 

was added for safety. All layers were simulated to have the 0/90 degrees weave in the in the same 

directions that the mesh. This were done since the bending force from the pressure would then try to 

bend along the fibers.  

The FEA-model was updated with one more layer, and results can be seen in Figure 4.10. The forces 

applied was a pressure force of 10 bar where the rim will be covered by the tire (blue arrows) and 

calculated wall forces of 105kN pointing outwards in each direction (red arrows) simulating the tire 

wall pressure forces.  

The core material of type Diab Divinycell H100 were simulated strong enough in compression and shear 

to be used and the other the load cases were almost neglectable on the outer ring as Appendix E: 

shows. 

 

  

Figure 4.10 The FEA model of the outer ring 

4.5 Production 
The prerequisite to start production of the rims were the moulds. With the workshop having big 

enough CNC milling machines but not big enough CNC lathes (that gives better accuracy for round 

parts) the option became to make the moulds in aluminum for the rim center and epoxy tooling board 

for the center plate.  

For the outer ring a two-split mould with surrounding the outsides of the rim were decided to be used. 

With this there was a possibility of the rims being hard to get out due to the mould geometry. However, 

as it would save time and material and reading that the 2011 team were doing something similar it 

was chosen as the final solution.  
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Figure 4.11 The 50mm block mounted 

The aluminum blocks the team had was 50mm thick which was half the thickness needed. The choice 

became to screw the mound together making each part of the mounds consist of a two-piece 

aluminum block bolted together. The moulds were designed in such a way that the holes used to 

mount the pieces were also the holes used for bolting the aluminum pieces to the CNC machine where 

as shown in Figure 4.12. 

 
Figure 4.12 CNC milling of the rim contour right before finishing cut 
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With the limiting factor to the layup of the rim being the geometrical shape square prepreg patches 

which possible to lay were used with an overlap of about 1 cm. In Figure 4.13  layup of four patches is  

done. 

 
Figure 4.13 The mould during layup of carbon fiber 

When all layers were added an industrial oven combined with a hose from the vacuum pump into 

vacuum bag were used and the curing cycles recommended by Easy Composites were followed.  

Next in the process was to produce the center plate. For this a wet layup with a CNC cut 20mm thick 

Divinycell H100 foam carbon combined with fiber on each side was opted for. The mould made it 

possible to “seal” the fiber layers on each side of the foam reducing risk of delamination between core 

and fiber. “Pizza slices” cut in shape were used on each side with two layers as simulated. In this case 

there was no overlapping in between the layers but rather an offset of the layers making the corners 

of the slices cover the center of the previous layers slice. Finally, vacuum, release film and breather 

material were used during curing to remove excess resin and compress the fibers. This curing 

happened at room temperature as the core material wasn’t suitable for heat. 

Pictures of the process are shown in Figure 4.14 and Figure 4.15 
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Figure 4.14 The finished center plate mould 

 

 
Figure 4.15 Lower layer and foam laid in the mould. 
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With center and the outer ring produced bonding them together as well as gluing the aluminum center 

(Figure 4.16) was left to do. Epoxy glue of the type Araldite 2031 were used for all glued connections. 

To get the center aligned with the wheel a jig tool made with the CNC-mill that had a snug fit to the 

sides of the outer ring mould and an 8mm hole in the middle were used. In-between the holes a circular 

tool made with the lathe to tight tolerances was added. This made it possible to glue the parts in place 

while holding the aluminum center centered. After gluing of these pieces demoulding and sanding of 

the edges were completed.  Pictures of the alignment-process is shown on the following pages: 

 
Figure 4.16 The Aluminum Center 

 

 
Figure 4.17 The Centering tool 

 



34 
 

 
Figure 4.18 The centering tool fastened to the mould 

 

 
Figure 4.19 Demoulding 
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4.6 The Result 
The final rim ended up at a measured weight of 1.40 kg and thereby reaching the goal of being less 

than 1.5 kg. The previous rim was 2.57 kg which meant that production of rim made a huge 

contribution in the pursuit of a 5 kg weight saving with 4.7kg overall reduction of weight. 

Unfortunately, one of the wheels had to be used with a tube as it were leaking a bit and were used 

with a tube that added a few 100 grams in weight. 

 
Figure 4.20 The Rim 

The centering tool also did a fairly good job at centering, but for one of the rims the mistake of 

placing the aluminum center wrong were done and it resulted in some misalignment of the rim. It 

was also noticeable that the rim wasn’t totally round when it rotated. This is expected to be partially 

due to heat deformation and partially due to the use of a CNC mill to make the mould. However, with 

the Michelin tires being hand made with a radius change of one millimeter the imperfections of the 

rim weren’t that noticeable and at a lower scale. 
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5 The Powertrain 
The powertrain can be defined as the main components giving propulsion to a vehicle. For an electric 

car this means that everything transmitting energy from the battery to the driven wheel could be 

considered parts of the powertrain. (“Powertrain,” 2018). Over the years in Fuel Fighter many different 

concepts have been utilized. On the energy side the car has either been running on Fuel Cells or with 

battery electric. As a black box these two technologies are quite equal where hydrogen fuel cell that 

have enough hydrogen could be having quite the same behavior as a charged battery in terms of how 

voltage is nearly constant with a voltage drop happens if too much current is drawn. However, the 

LIPOs are also able to receive charge quite efficiently.  

For the race and understanding of how they measure energy consumption is also important. In the 

hydrogen-class the energy is measured by measuring the amount of hydrogen used before the 

chemical reactions inside the fuel cell occurs. This means that to achieve a good result an 

understanding of how the fuel cells are behaving most efficiently is required. Some parameters often 

investigated are at which current draw the energy conversion efficiency is the most efficient. Other 

parameters often investigated are how the time between purging’s of the cell and cooling of the fuel 

cell increases efficiency. 

For the battery class the actual efficiency measurements is easier and only measured off the energy 

used after the battery and battery management system. The formula for efficiency therefore becomes.  

𝑃battery =
dEbattery

dt
= Ubattery ∗ Ibattery 

This means that voltage drops due to internal resistance losses of the battery isn’t measured. In the 

2017 and 2018 version of the vehicle two high power batteries for radio controlled(RC) devices of the 

Type Tattu 7000mAh 6S LiPo is used in series (“Tattu 7000mAh 6S 22.2V Lipo Battery, DJI S800 Lipo 

battery - Gens Ace,” n.d.).  

These have a discharge rate of 25C continuously and a 3C charge rate. The specs give the following 

energy and power limits: 

Nominal voltage U =  3.7V ∗ 12 = 44.1V  

Available energy E = 3.7V ∗ 6S ∗ 2 ∗ 7000mAh = 310.8Wh  

Continuously power out Pout =  44.1V ∗ 7000mAh ∗ 25C = 7.77kW  
Continuously Power in Pin = 310.8Wh ∗ 3C = 932W  

The reason for why these RC batteries is chosen are that they have quite high charge- and discharge 

rates (C rates) and a high density relatively to most other lithium batteries.  
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5.1 The Old Powertrain 

 
Figure 5.1 The old Powertrain Mounted on the Powertrain Test 
Bench 

Author was one of the main contributors to the powertrain design last year. The final design ended up 

as two symmetrical swing arms units mounted to the firewall. In addition to transmitting the motors 

power to the wheel the system worked as a rear suspension. A 15:1 gearing ratio with a custom-made 

water jetted belt gear was used in combination with a Maxon RE50 48V motor. Synchronous belts were 

used since the 2016 team recommended it and had solutions on how to improve reliability  

The goal with this powertrain was a reliable, adjustable powertrain where motor- and powertrain axle 

would be easily connected by belts in different lengths depending on which motor to be used. This 

made it possible to select which motor to use by need. CAD software with FEA optimizations were 

heavily used to achieve the wanted stiffness and geometrical shape. This also made the production 

complex as the machining time for milling it was assumed to be about 25 hours according to the CNC-

machinist at the university.  

Being complex in the shape with almost no clearance between the belt wheel and powertrain frame 

gave quite little room for improvements as adding controllable clutch system to the belt wheel or 

changing from belt drive to something else. The frame design also made the adjustment of it and 

changing of wheels very time demanding due to many screws and the need to fully dismantle to change 

settings as wheel position or belt position. 
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The fact that it was hard to iterate on the design to reach the goal of a more efficient energy transfer 

made the decision to make a new powertrain. 

The strategy where learning from the old powertrain with verification of performance and stability was 

important. To verify that both the 2017 powertrain and a new design was meeting expectations the 

test bench were going to be used in the testing phases. A crucial part of the process was to gain insight 

in how the powertrain performed from battery to ground and make sure that motor controllers 

worked. It also made it safer to take risks in the development as the overall risk was reduced by having 

a backup system. 

 
Figure 5.2 Production of the bulkhead/firewall in 2017.  
The powertrains insert as shown as the darker denser core material. These gives one of the 
biggest geometrical limits of a new powertrain mounting. (Carlsen and Oma, 2017)  

 

After use of the old design in both the powertrain test bench and from real driving some notes were 

taken: wanted were wanted for a new powertrain: 

• Belt drive causes wheels to stop fast if belts are connected – meaning huge power losses? 

• New powertrain needs to be stiffer – belt wheel is moving a lot and brakes are touching during 

cornering on the old design 

• Suspension way to stiff – the forces on the shock isn’t big enough with the current geometry 

– even at lowest compression ratio of the air shock 

• Current design is expensive and time demanding to reproduce – simpler design wanted where 

the production of a spare isn’t too expensive 

5.2 Requirements for the New Powertrain 
To improve the powertrain based on learnings from the powertrain that were already in the car a few 

requirements were set: 

• Stiffer overall  

• Stiffer bearings (lot of play causes the frame to behave worse than simulated) 

• Mounting to the wall, where there is inserts in the carbon fiber fire wall 



39 
 

• Support for regenerative braking 

• Low weight to reach the 90kg goal  

• High efficiency (>98%) 

• Mounting for Hydraulic Disc Brake (By SEM-rules, bicycle brakes not allowed) 

5.2.1 Geared vs Direct Drive 
A crucial aspect for the powertrain was how the car gets it energy transfered from the motor to the 

ground. To convert the electrical energy in the motor to energy a common way is to do it is by reduction 

of gears. For these three different efficient reduction methods are commonly used: Gears, Chain and 

synchronous belts. In addition to gear reductions direct drive (DD) could also be considered. However, 

a DD-motor is usually heavier due to the need for more torque meaning more magnets due to lower 

rotational speed. To make the choice a pros/con list were made early in the project: 

Tabell 5-A Energy transfer from motor to wheel.  
 

 Efficiency* Pros Cons  

Synchronous 
Belts 

99% • Easy to change 
gearing ratio 

• Silent 

• “Known technology”, 
used in the team the 
three last years  

• High tolerances not 
needed -> could be 
water jetted 

• Only one source of 
loss: teeth to teeth 

• One gear only 

• Used in the previous 
powertrain. The assembly 
stops fast 

• Usually need belt tensioner 
for good operation which 
means more losses 

Gears 99.9% • Most efficient 
solution 

• Complex to add more than 
one gear  more losses 

• Needs high tolerances in 
the production of the gear 
tooth shape 

• Noisy (spur gear) 

Chain 98.5% • Not used by the 
team previously 

• High tolerances not 
needed -> could be 
water jetted 

• Many links bending  
losses happen in the chain  
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Direct drive No gearing 
losses, but 
electric 
motors tend 
to be 
heavier 
when 
running at 
low RPM 
with the 
same torque 
levels 
 

• No gearing losses 

• Silent 

• Used by the team 
earlier 

• Eddy current losses (losses 
due to magnets passing 
metal) 

• Mostly undocumented 
china motors on the 
market 

• Mostly brushless DC 
motors commercially 
available 

• Complex to make self-
made motors 

• Heavier by design (needs 
more magnets to get 
higher torque due to no 
gearing) 

The choice to work on a two geared spur gears with one involute and one regular gear where the motor 

is engaged in the gear by synchronization of motor speed and a linear actuator that pushes the motors 

in gear was (almost) decided in December in the author’s project thesis. The fact that it’s possible to 

implement two gears without losing efficiency for this concept together with the possibility to use the 

teams previously used Maxon motors were key reasons to the choice. So were the fact that 

transmission only have one source of loss: the gear meshing  

5.2.2 Prototyping Two 1-Stage Gear Ratios 

 
Figure 5.3 CAD of the 3D printed gears for rapid prototyping 

Multiple speed reductions are quite common for both bikes, cars etc. However, since the electrical 

motor can transmit a lot of torque at low speeds and handles the entire speed range well it’s not 

needed to have gears for electrical vehicles as electric cars and e-bikes. However, as the motor plots 

and efficiency tests presented in Chapter 3. there’s still a benefit of gearing a vehicle to be closer to 

the most efficient operational range of the motor and to extend lower limit where regeneration can’t 

happen due to back-EMF.  

With gear being the most promising reduction technology in terms of efficiency and one speed 

reduction giving the least possible losses in theory it were wanted to utilize this by shifting a motor 

directly between a low and ahigh gear. As author couldn’t find literature about engaging by doing 
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synchronization of gear speeds and physically forcing it in place connecting the motor the need to 

validate that synchronization works was needed. From a theoretical perspective it should be possible 

to engage two gears if they are synced, but we had to make an experiment to test and verify it. Some 

of the main concerns was if the gears would engage or just crash gear teeth top to gear teeth top. 

The powertrain test rig had by purpose been built with the rollers axle a bit longer than necessary in 

case one more roller was to be connected or that other devices were connected. With the possibility 

to accelerate the roller to more than double angular speed as the car’s wheel this meant that we didn’t 

have to go full-scale with a prototype gear to get the correct pith velocity in the gear mesh. To easily 

test that the transmission worked 3D printing combined with Fusion 360s gear modeler was utilized to 

make a rapid prototype of a gear assembly with an internal and one external ring gear that could be 

fitted to the powertrain test bench roller axle. The CAD for the of this could be seen in Figure 5.3. 

The tests on the powertrain test bench were conducted by using two of the Vesc motor controllers 

that both measures speed where one of them was to control the testbench as previously explained. 

The other was controlling the Maxon RE50. In addition, a prototype board for actuator control was 

made which were able to talk to through UART and set the position of the linear actuator accurately. 

To get the synchronization working the following were implemented in Simulink: 

1. Measure rotational speed of the driven gear 

2. Calculate wanted rotational speed for motor, depending on selected gear 

3. Check if the motor can spin fast enough 

4. Voltage control (duty cycle) to the DC motor to get the correct speed 

(𝑅𝑃𝑀 = 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑝𝑒𝑒𝑑 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝑉)  

5. Engage clutch if step 3 is true and motor have gotten correct speed 

6. Change to Current control for the motor 

7. Regular motor control 

8. Disengage when motor isn’t in use anymore. 

The tests for gearing were successful and could be seen in Figure 5.4. The plastic gears were even able 

to transfer high torque for the motors. With these tests successful the risks of making the full-scale 

version of the concept was smaller as the concept of synchronization and engagement were proven to 

work. Some findings were however noted: 

1. Motor controller needs to be four quadrants for two gears to work as synchronization to the 

outer and inner gear requires the motor to spin in different direction 

2. Synchronization works better while the system is in movement.  

For the first learning the need of two directional motor control is logical. It however sets an additional 

requirement for the motor controller over how it have been used for the 2017 powertrain where only 

one quadrant control. The second learning was that the motors work better for synchronization at high 

speed. In our experiment this meant that the motors would have some problems engaging at almost 

stand still and stand still since the teeth tops sometimes were crashing meaning that synchronization 

had to be done once more. To avoid this problem two different solutions were thought of and tested: 

1. Spin the DC motor a bit faster than the calculated synchronization speed at low speed 

2. Have the motors always engaged. 

Both strategies worked and made the low speed problem a non-issue. 
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Figure 5.4 3D printed functional prototype of the two-gear solution 

5.3 Designing the Gears 
With the goal to still only have one gearing transmission (1-Stage) to reduce the losses to the minimum, 

a full-scale version of the prototyped gearing solution had to be designed with the following taken into 

consideration: 

• Type of gear to produce 

• Strength calculations for the gear 

• Wanted gearing ratios archived 

• Production and material 

To design the gears a choice of which kind of gears to use had to be made. For this straight cut spur 

and helical gears were considered as following:  

 Spur (straight cut gears) Helical (angular teeths) 

Pros • More efficient 

• Easy to make 

• Easy to assemble 

• Strong 

• Quiet operation 

Cons • Noisy • More friction losses  
lower efficiency than 
spur gears. 

• They produce radial 
loads  

 

The fact that the spur gears were considered more efficient benefits our car. It’s also shown in 

motorsport where drag racers for usually have straight cut gears. They are however also known to be 

quite noisy in operation at high speeds. With the helical also having some pros like better load 

distribution and silent drive both options were considered as good alternatives.  
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With no commercial gears in the wanted diameter with a small enough diameter the Plan A was to 

contact a manufacturer of gears to get the custom gears made. As gear making is quite complicated 

and the possibilities to do mistakes in the design are huge the help from one of several custom gear 

makers in Europe would be to great help. However only one out of five companies answered our 

request, and they had months of lead time meaning that the gears wouldn’t be ready in time.  

With no luck finding local gear makers the choice to produce the gears in some of the local machine 

shops in Trondheim was taken. This meant that machines like wire-EDM or water jetting had to be 

used which made it beneficial to make the gears straight cut to simplify production.  

𝜎 = 𝑊𝑡 ∗ 𝑃/𝐹𝑌 (5.1) 

To find correct size and calculate that the gears handled to transmit enough torque the Lewis Stress 

equation(5.1) were used. This formula calculates the bending stress in gears with the assumptions that 

only one gear is load bearing at once and that the transmitted force attacks the top of the tooth. In 

this formula 𝑊𝑡 is the transmitted force tangential to the rotation circle of the gear, 𝑃 is the diametral 

pitch, 𝐹 is tooth width and 𝑌 is the Lewis form factor that compensates for the teeth shape.  

There are other more accurate ways to calculate the stresses of gears like the AGMAs method that 

adds a lot of factors to compensate for temperature, surface, fatigue, operational speed, motor torque 

ripple etc. to the basic Lewis strength equation or a FEA approach. However, as the goal was to create 

a prototype gear the choice of a safety factor these formulas were investigated, but with uncertainties 

of which constants to use when the gears are produced, made it easier just to set a safety factor of 

about 2  for the custom gear as well as the requirement to add a small radius in the tooth bottom of 

the design to prevent stress concentrations.   

For materials to use both plastic and steel were considered (Table 5-A). Other materials like aluminum 

to make a more lightweight gear was also looked at, but due to high friction coefficient of aluminum it 

wasn’t considered a good alternative for the gears. For strength a higher yield strength means that it 

could be made with a smaller module. According to the book about PAC car II (Santin, 2007) smaller 

module makes gears more efficient, which makes up for steels higher friction coefficient . 

Table 5-A Plastic vs steel as material for gears 

 Plastic Steel 

Friction coefficient  • Plastic to metal, dry: 0.1 – 0.3 
(dynamic)* 

• Plastic to metal, lubricated: 
0.04-0.1 (dynamic) 

• steel to steel, dry: 0.5-0.6 
(dynamic)* 

• steel to steel, lubricated: 0.15 
(dynamic)* 

• steel to steel with Diamond like 
coating (DLC),  dry: 0.1 - 0.2 (static) 

Strength Typical 90Mpa*** 
Weak – needs bigger tooths / wider 
tooth area 
 

Typical 660Mpa*** 
Strongest commonly used material for 
gear production 

Producibility • casting (most common for 
mass production) 

• water jetting (small scale 
production) 

• Milling (small scale production) 

• Gear hobbing (only for external) 

• Gear shaping (internal and 
external) 

• Wire – edm (small scale 
production) 

• Milling (small scale production) 
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* Source: Coefficient of friction, Rolling resistance, Air resistance, Aerodynamics  (tribology-
abc.com, 2018)  

**  Source: Surface Coatings for Superior Gears (gearsolutions.com, 2018) 
*** Source: Plastic Gears Are the Future (machinedesign.com, 2017) 

For finding good design parameters, the maximum assumed current from the RE50 48V was assumed 

10A. Certain different sizes was calculated, and the following found:  

• To make a gear that is both strong enough and transmits enough torque is hard with the 

constraint of a high gearing ratio. Plastic as used by the team previously wasn’t considered a 

good alternative when higher gearing ratios were wanted.  

• With steel to steel the driving(motor) gear is more fragile to tooth bending with a smaller cross 

section at its root. However, it’s also much cheaper to replace/make spares if it brakes 

• Less than 17 teeth were needed to get 25:1 ratio. With standard gears this means that the 

gears either have to be modified using a addendum modification factor in order to not mesh 

badly or less than 25:1 have to be accepted as biggest gearing ratio 

By looking at all choices(Appendix G:) and wanting the highest gearing ratio, the final choice was to 

produce the gears with module m=1mm that were glued onto the carbon fiber rim and either accept 

lower than 25:1 or to custom made the smaller gear. For production Wire-EDM were considered the 

only precise enough method available in Trondheim to make the gears.  

With wire-EDM to remove material instead of cutting pre-hardened 10mm steel plates of the type 

Hardox 450 with a yield strength of 1250MPa and Brinell Hardness of 450HB were selected (SSAB, 

2018). This is one of the most abrasion resistant steel types available and are commonly used in 

demanding conditions. The main reasons for going with this material is that it gave a quite high safety 

factor.  

Even though the plan was to synchronize the motors not to have crashing of the motors there was the 

need to make the software run on our rule approved motor controller with all sensors working full 

scale. This meant physical testing and the likelihood of several crashes due to bad meshing. By selecting 

a type of steel that are used for things like digging machines the hope was to destroy the smaller 

replaceable gear before the large one.  

As an iterative plan to make the gears the following configurations were planned: 

1. Manufacture the bigger gear and run it with the Maxon RE50 48V with more teeth (lower 

speed) than necessary for the race 

2. Test the Maxon RE50 36V with 18 teeth on the outer gear 

3. Manufacture the smaller external ring gear and 15 teeth gear from the remaining cutouts 

The we’re two main reasons for this approach: 

1. Getting one gear to work can be hard enough – especially when electronics and code for 

control needs to be developed. By focusing on the first gear the car had a good solution if the 

RE50 36V we’re used with overvoltage according to theory 

2. The university have a wire-EDM machine that the team can use. However, the internal ring 

gear planned we’re bigger than this machines dimensions. By planning to use the leftover 

materials from making the outer ring gear for a inner gear and addendum modified driving 

gear the total cost of producing the gears would be lower 
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Figure 5.5 The drawings for the gears designed in NX.  
Due to one failed production the blue gear was the only one made used with the an overvolted RE50 
36V. Blue Internal gear: 375teeths with outer diameter of 383mm, thickness of 10mm and a measured 
weight of 377 grams 

 
Unfortunately, the production of the external ring gear was delayed by months due to material not 

coming in time and the workshop produced bad gears at first try. Therefore, the team made one gear 

and chose to rather use the overvolting of the RE50 36V as described in chapter 3.3. The design process 

of the powertrains should however still be good for mounting one more gear to in the future. 

5.4 Load Cases 
With a working concept the development of a full-scale frame working both as a swing arm with 

suspension built in and as a gear connector was needed. To begin this process the assumed most 

important load cases for the FEA simulations were investigated.  

5.4.1 Mass of the Car with Driver 
To understand how the weight of the car was distributed a simple experiment was done. The driver  

sat inside the car while weighing the mass contribution on left side of the front wheel and left side 

wheel of the wheel in the back of the car with human body weights and adding spacers in the same 

height as the weights on the other side of the car. The results were as following: 

 With driver (measured before new powertrain unit 
was added, but with carbon fiber rims in the front) 

One front wheel 46.5kg 

One rear wheel 25.3kg 

Assuming symmetry in weight and this weight distribution for the entire car is dangerous as there were 

some potential error sources:  

• The two cheap weights showed about 0.5kg different weight on the driver measuring 65kg 

• Most components were inside the car, but not the following 

o Weights that are needed to get the driver as close to the 70kg weight target as possible 

wasn’t mounted. This will add a few kgs towards the rear 

• Assumption of the car having a center of gravity in the plane between the wheels 
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In addition, the weight of the wheel is held up by itself reducing the total weight distributed through 

the powertrains suspension to the bulkhead by ca 4-5kg and the powertrains own weight also 

decreases this value a bit. 

In total the mass held up by the powertrain were assumed to be 30 kg, giving a bit of safety factor to 

the measurements potentially being bad and the added weight of unforeseen parts. 

5.4.2 Cornering Forces 
To According to SEMs rules the following must be true: 

The turning radius must be 8 m or less. The turning radius is the distance between 

the center of the circle and the external wheel of the vehicle. The external wheel of 

the vehicle must be able to follow a 90° arc of 8 m radius in both directions. The 

steering system must be designed to prevent any contact between tire and body or 

chassis.  

-- Article 42b from the Shell Eco Marathon Rules 2018, Chapter 1 

By assuming that no understeer or oversteer is taking place the cornering forces could be described as 

following by calculating the centripetal acceleration and using Newtons Second Law:  

Fcornering = m ∗ a = m ∗ v2/r 

Table 5-B Assumptions for calculations of cornering 
forces 

Cornering speed v = 8m/s2  

Mass of the car in the rear 
per wheel 

m = 30kg  

Safety factor 2 
 

As there is a lot of other factors also playing a role like the fact that the center of gravity of the car will 

give more forces to the wheels in the outer edge of the corner a safety factor of two is added to the 

calculations. By using the formula for cornering forces the result becomes: 

𝐹𝑐𝑜𝑟𝑛𝑒𝑟𝑖𝑛𝑔  =  492N 

5.4.3 Bump Forces 
The powertrain units’ own weight was mpowertrain = 7kg when the car was weighted. By assuming 

that when the car hits a bump one wheel could lose ground contact the weight held up by the 

powertrains could be described as following: 

Fbump = 2 ∗ (mc − mp) ∗ a ∗ s 

To take into consideration the fact that hitting a bump is a quite dynamical event where the car will 

take the hit of the bump a safety factor of s=3 was introduced. The fact that the car is driving  

𝐹𝑏ump = 2 ∗ (30𝑘𝑔 − 7kg) ∗ 9.81m/s^2 ∗ 3 =  1354N 
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Figure 5.6 Geometry for hitting a bump.  
Source: ShimReStackor.com, 2018 

To verify that this safety factor is good an assumption an investigation of the car driving over a bump 

at full speed with no suspension were made: 

For the model it’s assumed that the initial position is where the wheel just hits the bump of height Y, 

meaning that the initial positions x and y could be described as: 

𝑦0 = 𝑟 − 𝑌 

And: 

𝑥0 = √𝑟2 − 𝑦0
2 

Then the assumption that hitting the bump doesn’t change the car’s speed is made meaning that the 

car speed position for x(t) is: 

𝑥(𝑡) = 𝑥0 − 𝑣 ∗ 𝑡 

And y(t) is: 

𝑦(𝑡) = √𝑟2 − 𝑥2 = √𝑟 − (𝑥0 − 𝑣 ∗ 𝑡)2 

Derivation of the wheels speed gives the following force due to change in speed: 

𝑎(𝑡) =
𝑑𝑦

𝑑𝑡
=

(𝑣 ∗ 𝑡 − 𝑥0) ∗ 𝑣

√𝑟2 − (𝑥0 − 𝑣 ∗ 𝑡)2
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Figure 5.7 Hitting a bump with height of 10cm at 10m/s speed 

This worst-case scenario would be if our car is capable of driving at the speed of v = 10m/s which is 

more than we need during the race and that the bump is as big as the car’s ground clearance (Y=0.1m). 

This would give a maximum acceleration of 12m/s as Figure 5.7 shows. This means that the actual 

acceleration becomes: 

𝑎𝑡𝑜𝑡𝑎𝑙 = 𝑔 + 𝑎𝑏𝑢𝑚𝑝 = 21.8𝑚/𝑠 = 2.22 ∗ 𝑔 

Which is less than the chosen safety factor of 3. Also, the suspension would take some of the forces 

from the bump meaning less change in the car’s position the forces from hitting a bump further 

decrease.  

5.4.4 Braking Forces 
For braking the limit on where the brakes stop braking is when the friction force becomes so big that 

the wheel will lose traction and start to glide. Another contributing factor is that the center of gravity 

will try to lift the car forwards if the front brake is also applied. This means less downforce on the rear 

wheel than the front wheel. Based on a friction coefficient of 0.72 for car tire to asphalt 

(engineeringtoolbox.com, 2018) with a safety factor of 1.5 the maximal braking forces where the wheel 

meets the ground will become: 

Fbraking′ = s ∗  μtire to asphalt ∗ mrear ∗ g = 1.5 ∗  0.72 ∗ 30kg ∗ 9.81m/s^2 =  317.8N 

Then, by assuming that the brakes force is being applied the brake rotor meets the brake calipers pads 

at a distance from the rotational center of rb = 84.8 mm  This gives the following brake force: 

Fbraking = Fbraking′ ∗ rwheel/rbrakepad =  1042N 

5.5 A Few Concepts 
With the goal to make a powertrain with two gears, motor mounting and brakes as the most important 

parts connected a few considerations regarding design choices were made to make the system work 

as intended. 
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5.5.1 Wheel Hub vs. Rotating Axle  

 
Figure 5.8 Stationary axle with a hub (I) vs. rotating axle (II) mounted with bearings 

 
With the requirements to fit two gears and the brake system it wasn’t enough space on one side of 

the rim to put everything there. Therefore, the decision to mount the powertrain in a swingarm-like 

assembly like done on many motor bikes were selected. The previous powertrain had a rotating axle 

where the axle is mounted to the powertrain with bearings in-between (solution I, Figure 5.8). The 

bearings used for this solution was highly efficient single row ceramic ball bearings. The assumption 

done in the FEA of the previous powertrain was made was that this kind of bearings are stiff in rotation. 

However, this isn’t the case, where the bearings had noticeable play making the axle only locked for 

translation and not for rotation. This made the powertrain less stiff than planned both in the frame 

and in the axle that wasn’t hold back by momentum from the fixation points. A different solution with 

a rotating hub outside the axle was therefore investigated.  

It was found that for one of the initial designs of the powertrain frame the deformations of the 

cornering forces increased 2.8 times (Appendix D:) with the powertrain with stationary axle. If this 

numbers are representable for the old powertrain which had about 15mm of deformations according 

to CAD isn’t sure but suspected since applying small forces deformed the wheel noticeably more than 

expected. 

 
Figure 5.9 Back To back Preloaded Angular Contact bearing (SKF, 
2018) 

Another pro with the bearings in the hub is that it makes it possible to pretension by tensioning the 

hubs bearings to the axle. With this it’s possible to use angular row bearings which are more efficient 

according to the book about PAC CAR II (Santin, 2007). Pretensioned angular row bearings are also 

used in many high precisions because pretension removes the play from regular ball bearings. These 

two factors make these kinds of bearings commonly used in demanding machinery like high speed/high 

precision CNC spindles. 
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The final hub design made it possible to mount the carbon fiber rim to and the brake disc to the hub 

with threaded connections. The system was made less stiff with a spring to reduce the effects of bad 

machining. For this Bonneville springs were placed before the nut going on the threaded area on the 

axle. Since the axle was made manually on a lathe as well as we didn’t have the official measurements 

of the brake caliper some extra clearance were placed on the right side by purpose so circular shims 

could be placed to get the correct position of brake rotor relative to the brake caliper. As for the 

strength calculations for the hub a simple statically fem analysis was made. This showed that the hub 

was way too strong, but as it was wanted to get it produced at a workshop at NTNU further 

optimization were considered risky as it would be too time demanding for NTNU to make. 

 
Figure 5.10 The final solution 

 

5.5.2 Motor Movement 
To find the needed travel of the motor few assumptions were done: From the simulations of which 

gearing ratios proved to be the best the 15:1 and 25:1 gear was assumed. The biggest gear was 

assumed to be the 375mm. To estimate the distance the motor, a drawing was created with two 

scenarios: motor mounted on the same height as the wheel axle and motors mounted 50mm over the 

wheel axle while moving horizontal. The wish to have the motors close to where the frame was going 

had several advantages like the want to have small deformations between the gear and frame due to 

cornering and supporting a compact frame design. 
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Figure 5.11 Motors minimum travel distance based on the gears center lines meeting. 
Assuming the biggest gear of 25:1 for the outer and 15:1 gearing for the inner gear means that 
the motor need to travel 64mm. 

With the knowledge that gears meet each other in the center line the diameters for the smaller gear 

became 𝑑𝐼𝑛𝑛𝑒𝑟 𝑔𝑒𝑎𝑟 =
15

25
∗ 𝑑𝑂𝑢𝑡𝑒𝑟 𝑔𝑒𝑎𝑟 = 225mm  and  𝑑𝐷𝑟𝑖𝑣𝑖𝑛𝑔  𝑔𝑒𝑎𝑟 =

1

25
∗ 𝑑𝑂𝑢𝑡𝑒𝑟 𝑔𝑒𝑎𝑟 = 15mm 

with this the distance needed for travel became 60mm if motor was placed in the center and 64mm 

for a offset motor placement. 

 
Figure 5.12 Forces Acting on a spur gear mesh  
Source: sdp-si.com 

 

In addition, the moving solution had to hold the motor in place while driving – preferably without any 

power consumption. For this the RE50 with the assumption of a torque of a motor torque of  𝑇 = 𝑘𝑡  ∗

 10𝐴 =  93.4𝑚𝑁𝑚/𝐴 ∗  10𝐴 =  0.934𝑁𝑚 and the formula for calculating the radial force on a gear 

mesh transferring torque (SDP/SI, 2018) were used to find required holding force:  

𝐹𝑟 = tan(α) ∗ 𝐹𝑢 = 𝑡𝑎𝑛(𝛼) ∗ 𝑇/𝑟𝑑𝑟𝑖𝑣𝑖𝑛𝑔 = 𝑡𝑎𝑛(20) ∗ 0.934Nm/7.5mm =  45.3N 

Lastly gear changes shouldn’t be a too slow process or add to much weight. Therefore, the final 

requirements were that gearing should happen in less than three seconds and preferably have a weight 

of less than 200 grams.  

With these requirements an electric motor solution was searched for and linear actuators was locked 

on as a preferred solution because of the following characteristics: 

1. Linear movement with consistent speed over the stroke 

2. Stroke distance feedback with pot meter is common 

3. By design have a certain force that needs to be overcame to move the actuator 



52 
 

 
Figure 5.13 Actuonix P16 with 100 mm stroke length Source: actuonix.com 

Few actuator companies were making linear actuators for our needs, especially regarding weight. 

There was however one suitable actuator found, the Actuonix P16. The actuator could be ordered in 

many different lengths and with different gearings for the internal actuator screw.  

The 100mm 22:1 geared version was chosen since this was the fastest available actuator of the type 

and that it had a back-drive force of 75N meaning that’s the force required to push it backwards 

unpowered. In addition, it was able to do 46mm/s without load. The datasheet for the linear actuator 

could be found in Appendix O:. 

5.5.3 Suspension 
A Shell Eco-Marathon vehicle is racing on relatively good asphalt meaning that some of the roughest 

use will occur in the event of driving over a bump or a sudden change in the asphalt. Some teams in 

SEM are therefore skipping suspension systems in their cars. However, some good reasons to have 

suspension are: 

1. There’s a rule in SEM stating that all wheels must be in constant contact to the road, meaning 

that if one-wheel lifts during racing it’s not rule compliant 

2. Suspension systems absorb some of the initial shock from driving over a bump 

3. Driver’s comfort improves with a suspension system 

To get light enough suspension systems with the wanted travel there’s only one commercial choice: to 

use shocks made for mountain bikes. Among these there are two different types: spring loaded and air 

loaded shocks.  

 
Figure 5.14 DT Swiss X313s displacement curves 

Some of the main benefits with air shocks over regular spring suspensions is that it’s inflatable and 

therefore easier to change the behavior by adding or reducing the air pressure. They’re also lighter 

and the preferred choice for light weight bikes. The main disadvantages are that the shocks aren’t 
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linear in its behavior and that they don’t go back to the old displacement after being pushed in. These 

effects are illustrated in Figure 5.14 which shows the displacement curves for the lightest commercially 

available bicycle shock, DT Swiss X313.   

The 2017 powertrain was mounted to the wall as shown in alternative I Figure 5.15. One of the main 

problems with that design was that the Fox Float R shock used in the assembly was too stiff to work 

properly, even on the lowest configuration. This meant that the wheels didn’t stay on the ground while 

hitting bumps and that the driver’s’ comfort and the ability to reduce huge impacts forces wasn’t as 

good as wanted. To fix this problem a few two different solutions were thought of. 

 
Figure 5.15 Three different mountings for the powertrains 

One of them were to have the design and replace the shock with a less stiff one. However, the eye to 

eye length of the shock and the mountings geometry made it hard to find suitable shocks on the market 

-meaning that a custom design had to be made.  

Therefore, changing the geometry of how the suspension were mounted was investigated. One way 

to do it without having to change the suspensions mounting point were to make a leveler arm that 

increased the amount of force that goes into the shock (alternative II, Figure 5.15) while the other 

potential solution was to move the entire mounting point closer to the wall (alternative III), which also 

makes the forces transferred from ground to shock bigger.  

All three options were considered to do the job, however due to the simplicity of using a premade 

shock and not having to make a leveler system III were chosen as the preferred solution for the further 

development of a new powertrain.  

5.6 The Optimal Shape 
With the entire open space in the rear of the vehicle as the design space for the powertrains and the 

inserts in the firewall of the car as main constraints the search for an optimal mechanical shape started.  

For this process a topology optimization analysis was done in Fusion 360. Shortly explained this works 

by reducing the parts of the FEA mesh least contributing to carry load at a mutation rate and doing it 

over and over so that less and less material is present. The result you get is supposed to be the optimal 

structure. And in Fusion this optimization is based on stiffness vs weight. 

To decide how the powertrain should look like two design spaces was analyzed. One with the 

constraints of what a tubed solution would look like and one where much of the physical area available 

can be used. For both solutions a sliding motor and brakes had space to be mounted in the design.  

However, in the smaller design space (Concept A) the assumption is that motor is possible to mount 
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with a sliding mechanism at an offset to the center line, while in the larger design space (Concept B) 

motor and brakes are placed in the center so that the frame could utilize the distance over and under 

the motors and brakes for stiffness. Both concepts design spaces could be seen in Figure 5.16. 

 
 

Figure 5.16 The design spaces for topology optimization 
Concept A (left) and Concept B (right) 

For the simulation both concepts were constrained two places to the firewall with translational locking 

only (free to rotate). This gives it freedom to movement only in one rotation. For simulating the 

suspension, a “simple support”. By doing so it simulates a normal suspension mount which also just 

locks in one direction. A spring could be implemented in the simulation, but as this makes the 

simulation unnecessary complicated for a static simulated given the assumption of very small changes 

in loads directions due to a potential spring movement 

For the forces the values previously defined was used. For the forces applied to the wheel it was 

assumed that these worked directly into the two places where the axle would have been mounted to 

the frame. Braking forces were for simplicity assumed to work directly where the screwing connections 

would have met the frame. Areas that was needed in the design like the brake holes were constrained 

as unremovable material. For Concept B the brake force was added on both sides with a symmetry 

plane in between to force a symmetrical design and equal material removal on both sides.  

Concept A had 217 082 parabolic tetraether elements (TET10) with the mesh element size set to 3mm 

in while concept B had TET10 elements with mesh size set to 1% of the model size giving 227 226 

elements. The reason for not choosing more elements was that simulation already took hours to solve 

with Fusion 360s cloud being the only solving option. Less elements were also tried but didn’t give 

meaningful results. For both designs the target mass were set to <=25% as shape optimization criteria 

meaning that only 25% of the elements should be left after the simulation (Figure 5.17). 
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Figure 5.17 Settings used for shape optimization of the mid-motor design. 

The results for the simulations were as following: 

 
Figure 5.18 Concept A after topology optimization  
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Figure 5.19 Concept B after topology optimization 

As concept B looked much more complicated to make with conventional methods and were too big to 

3D print in metal it was discarded as a solution.  

Concept A however didn’t need too many modifications to make it possible to be CNC milled. With a 

three axis CNC mill being available at the workshop the goal became to make a design where the 

powertrain was millable from 30mm thick high strength 7075-T6 aluminum plates with the goal to 

mimic the generative designed arms.  

This design was then to be compared against a design with commercially available square tubes. To 

better compare the triangular shape to square tubes the parts were the suspension goes in to the arms 

remained unchanged and theses square tubes were assumed 2mm thick. After a few iterations on the 

generative inspired design in NX the result looked like part I in Figure 5.20.  

The square tubed solution with 2mm walls were made. With square tubes having all its material far 

from the center lines the stiffness should be quite good in such a design. Both parts had the same 

geometry for the “ear” mounting the brake and the same mounting points to the car.  

Ideally the mounting points to the wall for the generative should have been positioned so that it could 

have been milled in one operation, but for the comparisons sake the only thing that changed were the 

arms structural design. 

The forces applied in the comparison was all load cases found previously at once. The reason for this 

is that it would both show if the designs were strong enough (handling all load cases) and and more 

important stiff enough in the corners. The cornering forces were also found to be dominating.  
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I 

 
II 

Figure 5.20 Generative design inspired arm vs tubed solution  

The FEA results could be seen in Appendix N: and the main findings are shown in Table 5-C 

Table 5-C Results from the FEA simulations 

 Design I (generative) Design II (tubed) 

Weight of arm with brake 484grams 362grams 

Stiffness assembly 13.3mm 9.3mm sideways 

Plastic deformation No No 
 

Overall the results showed that design II was preferable as being both stiffer and 0.25 kg lighter per 

powertrain. The fact that the square tubed design was also much easier to make made the choice easy.  

5.7 Sliding Motor Mount 
To make the motor slide two different solutions were looked at: Using low profile linear guide system 

or making a custom-made sliding mechanism to slide along the square tubes. With limited space, and 

wish of low weight rail of the Drylin® N guide rail with a width of 40mm were ordered.  

With the Drylin N rail having too much play the development of a custom holder began. The holder 

was first printed in PLA and was proven to work. However, a few potential issues were noted: 

• The aluminum part was to weak and were redesigned and milled 

• PLA could have trouble with heat 

• Accurate sanding of the pads had to be done to get it to slide with low friction. Too much 

sanding meant that the motors would be a bit loose 

A few iterations later the part looked as in Figure 5.21. Some of the tweaks done to fix the initial 

problems was to include internal springs to the 3D print. The plastic type was also changed to Iglidur 

l150 specifically made by Igus for sliding 3D printed parts. This was promised to much more wear 

resistant than PLA and handled high temperatures quite well.  
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Figure 5.21 The final design for the motor mount with spring walls 

 

5.8 Finite Element Analyze of The Final Design 
To verify that the design theoretically was able to handle the loads a FEA of the final design were done. 

The load cases calculated in the load case section was used. The goal with this one wasn’t absolute 

precision as there were many uncertainties in how the welds as welded by a team member would 

perform. Some physical testing of the car was still needed and done by adding weight/ forces to 

simulate the bump forces and forces from cornering were planned. As the car is only made for a single 

race where it’s safe to assume that loads near the yield limit wouldn’t occur more than a few times. 

Fatigue was therefore not considered. 

For the axle the diameters with threads added was treated according to the effective area as in (“NS-

EN ISO 898-1:2013,” 2013) meaning that the pretension screw for the bearings being M12 had a 

diameter of 10.36mm and the M5 holes that were used to screw it to the swing arms inserts were 

simulated with a diameter of 4.25mm. For the M5 connections it was also assumed that the forces 

from tensioning of the screw wasn’t important and strong enough to make a close to solid connection 

between the mounting points. 

The mounts used to the carbon fiber fire wall was also added in the simulation as fixed to the wall. The 

lower mounts were made of 3D printed steel and made by a team member for the application. 

The rim was assumed mounted to the hub where the screws forces it in with a RBE2 spider element 

(stiff elements) going down to where the wheel meets the ground. The new brake mount made in last 

minute to fix brake issues were also added in the final calculations.  
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Figure 5.22 The powertrain assembly 

Figure 5.22 shows the powertrain arms which is made of 2mm thick 40mmx20mm square tubes of 

6060-T6 aluminum welded together with a 40mmx40mm 3mm thick aluminum tube, the lower wall 

mounts are made from 3D printed steel and designed by a team member. The other parts are high 

strength 70xx series alloys. 

 

5.8.1 Results 
The FEA results is presented in Appendix F: and they showed that cornering force is the dominating 

one both in terms of stresses and strains. The inserts were all made of high strength aluminum of the 

type 7075-T651 with a yield of about 500MPa. As they were also designed to be easy to mill rather 

than to be as lightweight as possible they are all far away from reaching the yield stresses in the 

simulations.  



60 
 

  

Figure 5.23 FEA results for the “Bump force” load case 

The part with the highest stresses were the axle with a von mises stress of 375MPa max. As this was 

made with the “super alloy” Alumec 89 with a yield of 630Mpa it was assumed more than strong 

enough. 

This left the square tube frame that was originally supposed to be made in 6061-t6 alloy the weakest 

part. As this was made with 6060-t6 alloy the yield strength were only 170 MPa. The simulations 

showed a maximum von mises stress of about 100 MPa where the welds were planned.  

With plans that one of our members who were a hobby welder was going to weld the frame the main 

goal to became to have nice welds that looked nice. After talking to a professor with expertise on welds 

he suggested that a criterion of 60% of the yield strength  

6060-T6 aluminum have for the heat affected area. This meant that the maximum permissible load 

became 102MPa around the welds which was about the expected loads in this area.  

With an assumption that the aluminum was quite ductile the potential failure mode would be bending 

which wasn’t assumed to critical. This was later tested and verified by bending one of the test pieces 

from the welding process. 

5.9 Production 
To produce the main frame a strategy to test a risky design with lightweight laser cut aluminum inserts 

were planned. This design was risky for several reasons: 

1. The axle would be held up only by screwing force and not have supporting walls to secure it 

2. The aluminum used was laser cutter with low tolerances 

3. Thin plates having cutouts for weight savings were assumed hard to weld 

The reasons for testing aluminum inserts were the wish to produce all insert in one cutting job. 

Trondheim Steal sponsored this cutting which meant that it was time saving, cost efficient and more 

lightweight than most other solutions.  

Despite the fact the inserts were hard to weld it was doable. However, a few things were noted: 

• The tolerance specified for a press fit of the spherical rod end wasn’t done properly and was 

optimistic by design 
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• The aluminum inserts were prone to damage from the axle in harder aluminum 

For these reasons the goal to cut as much weight as possible by welding inserts were discardet and 

inserts CNC milled at NTNU with screw connections to mount them were used instead. In addition the 

suspension mount were milled as there was a change in the plans for suspension mechanism to use 

after the prototype were designed.  

The prototype frame with laser cut inserts therefore served as a spare frame and the frame that were 

used on the test bench. Pictures of it and a jig milled to hold it in place while welding are shown in the 

images below: 

 
Figure 5.24 Welding jig for the frame 
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Figure 5.25 The prototype frame 

 

 
Figure 5.26 The first produced gear.  

The gear was the by far most complex part to produce and as NTNU didn’t have a big enough wire-

EDM the company Nomek in Trondheim were given the job. The production was planned to be done 
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in the beginning of April. Unfortunately, the delivery of materials got more than two weeks delayed. 

In addition to this the first try to produce it wasn’t a success and as shown in Figure 5.26. The 

agreement with the workshop therefore became that we could test it and get new produced if they 

didn’t satisfy our needs.  

The result after being mounted on a rim that were made with too weak core material was mainly made 

it suited for the test bench was that it kind of worked but made horrible noises each time it passed the 

0.3mm tall bump. With this new gear were machined and the badly produced used in the development 

of the control software and for testing.  

Pictures on the process of mounting the gears are shown in the following figures. As Figure 5.28 shows 

epoxy mixed with micro-balloons which are hollow lightweight glass balls used to make a lightweight 

epoxy paste were added. This was then milled away with the rim mounted in the powertrain frame 

and manually rotated and removing radially removing 0.1mm until the gear just fitted in the groove as 

shown in Figure 5.29 and Figure 5.30.  

The gear was lastly glued to the rim and measured to be almost perfectly aligned with a maximum 

error of 0.05mm. 
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Figure 5.27 Removing rust from the gears with vinegar, salt and electric 
toothbrush 

 
Figure 5.28 Epoxy mixed with micro balloons added the rim 
with a lasercutted disc to hold micro balloons in place 

 
Figure 5.29 Track cut out for gear with tight tolerance 
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Figure 5.30 Milling track to the gear 

 
Figure 5.31 A square steel tube was used for mounting. 
The red and green pieces are 3D-printed where green is for clamping and red are drill guide 
for drilling holes in the inserts 

Lastly the powertrains were mounted in the vehicle with the tool shown in Figure 5.31 as a guide. 
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5.10 The Result 

 

Figure 5.32 Final version of the powertrain mounted in the car 

The final CAD file showed a weight of 1.25 kg in NX for all aluminum parts in the frame. With utilizing 

the same mounts as the old powertrain, the total weight save was measured by measuring the 

powertrains as complete units with motors and wheels connected. The result showed in a difference 

of 2.4kg compared to the old one weighting 9.3kg. The new powertrain weighted 6.9 kg. 

Half of this reduction were due to the change of the rim and the other due to a more lightweight 

powertrain design with less parts. Mechanically it also worked much better with suspension that could 

be tuned as wanted both stiff and hard. The choice of angular bearings in the wheel hub combined 

with a stiffer frame increased the overall stiffness as well.  
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6 Physical Testing on the Powertrain Test Bench 
As a lot of parameters like motor performance, gear performance and reliability can’t be purely 

calculated analytically the strategy to use the testbench intensely for the development were taken. 

This was done to verify mechanical reliability, verify of the electric system, to check if the system 

performs as designed and to say something about the ability to reach wanted efficiency. 

Arguably, the most important use of the powertrain test bench has been done without the need of any 

of the advanced functions. As this isn’t needed to develop sub-components of the powertrain as the 

motor controller, synchronization of motors (actuator control) and iterate towards a good mechanical 

design for energy transfer. A cite by electrical leader and developer of the motor controller is as 

following: 

“Designing the motor controller has been a progressive work, starting from the basic 

functions and improving the design each time. Siverts testbench was one of the most 

important modules I used for testing and validating each function, and it was 

absolutely essential to my design process. The test bench enabled me to test my 

module and the whole driving system in real conditions, under varying load, to 

execute a burn-in test and to establish driving strategies for the competition. It was 

also useful to measure the precision, reliability and the efficiency of the motor 

controller.”  

 – Tanguy Simons 

With a torque sensor and speed readings efficiency can also be measured. However, this efficiency is 

measured with the potential losses of the transmission between wheel to roller. As this transfer is of 

the type friction drive which is known to be inefficient the overall losses are expected to big high.  

One trick to get better readings given this loss is to measure the torque with only wheel and subtracting 

this value. It’s also to be noted that wheel to asphalt is sort of friction drive.  

There is also caused an opposing torque from the inertia (I) of the roller to the wheel which are making 

the raw readings wrong in acceleration. This can however be described by knowing the inertia of the 

roller and is dependent on rotational acceleration of the roller 𝜔̇ in the following way:  

𝑇 = 𝐼𝜔̇ 
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6.1 Tare Losses 

 
Figure 6.1 Losses in spur gears at different speeds and torque transfers  
(Anderson and Loewenthal, 1981) 

Losses in gearing conversions with spur gears could have many different causes and are usually 

nonlinear in its behavior and depending on many factors like gear quality, precision of mounting of the 

gears, lubrication, surface finish. Figure 6.1 shows which different factors causes losses in a spur gear 

at different speeds and that so-called tare losses where the gears aren’t transferring any torque are 

also caused by different sources of losses. According to the article “Spur-Gear-System Efficiency at Part 

and Full Load” (Anderson and Loewenthal, 1981) these losses can represent up to  65% of the losses 

at maximum load. These measurements were done with much higher loads and a bigger module so to 

simulated. What could however be assumed is that these tare losses don’t go away in high torques 

leaving always present. 

Losses from the synchronous belts are neither as easy to predict as wanted. The manufacturer of the 

HTD5 belts only state that it’s highly efficient and up to 97% efficient. This however doesn’t say 

anything about how the efficiency is at no-load and neither for our exact setup. It’s however stated 

that the belts width is linear in losses and load capacity, meaning that the belts shouldn’t be wider 

than necessary. One thing that however was assumed to have an influence was the tightness of the 

belt. Therefore, the belts were set up with a though minimum tightness for belts not to skip teeth and 

a quite tightened belt to make sure no losses happen. 

In addition, internal friction losses in the Maxon motor needs to be considered. As the motors are 

ironless the torque losses could be estimated in the following way according to Maxon: 

𝑇𝑓 ≃ 𝐼0 ⋅ 𝑘𝑇 = 8.256 m𝑁𝑚 

With a gearing of about 𝑛 ≃ 15 for both powertrains the theoretical power losses can be estimated 

with the following formula:  
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𝑃𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑙𝑜𝑠𝑠 = ωm𝑜𝑡𝑜𝑟 ∗ 𝑇𝑓 =
𝑛 ∗ 𝑣

𝑟𝑤ℎ𝑒𝑒𝑙
𝑇𝑓 = 58.6 ∗ 𝑣 ∗ 𝑇𝑓  

Giving the following losses: from the bearing at different speeds: 

Speed [m/s] 1 2 3 4 5 6 7 8 

P bearing loss[W] 0.5 1.0 1.5 1.9 2.4 2.9 3.4 3.9 

 

To get a better understanding of the powertrains, tare losses for both powertrains were measured. To 

eliminate potential losses before the torque sensor as described above the tests were “tared” at the 

different speeds right before connecting the motors. The measurements were done quasi-static by 

setting the powertrains controller to run at constant locked speed. In this way it was ensured that 

potential losses were kept to a minimum and only the effect of the tare losses were measured 

The results from the measurements done were as following: 

 
Figure 6.2 Measured tare losses for the powertrains. 
Rolling losses (with motor disengaged) have been subtracted, giving the power losses of the 
gearing reduction + motor engaged 

With a lot of error sources with a self made measuring system and some noise in the readings it’s 

dangerous to draw conclusions purely based on the readings. In addition the tests on the geared 

powertrain was done on the prototype gear without the dry lube used in the final gears. Purely based 

on the noise levels produced on the good vs the bad gears there’s a reason to belive that the good 

gears would have gotten better results.  

By subtracting the teoretical internal losses from the motor and keeping the assumtion that tare losses 

are the minimum loss possible during torque transfer this gives the maximum efficiency of gearing 

transfer if energy converison is assmed.  At 8m/s with assumtion that nominal mechanical motor 

transfer happens at 200 watts the following maximum potential efficieny are gained is: 

Loose belt:  η𝑚𝑎𝑥 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
∗

200−(12−3.9)

200
= 0.960 

Tight belt:  ηmax =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
∗

200−(15−3.9)

200
= 0.945 
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Spur gear: ηmax  =  
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
∗

200−(5−3.9)

200
=  0.995 

6.2 Efficiency of the New Powertrain 
To measure the efficiency plots of the powertrain the roller was assumed to having close to the same 

acceleration depending losses as the wheel to asphalts acceleration depending losses. The same 

procedure of “taring” at different speeds to remove effect of rolling resistance from the roller was 

done. One drawback for this test were that the motor of the test bench had trouble handling more 

than 6 Amps of current drawn from the motors and less than -3 Amps while keeping constant speed.  

Dynamic tests could potentially be used as an alternative here, but with the added complexity and 

potential errors due to wrong inertia calculations it was decided not to do that. Changing the motor of 

the test bench could also have been done, but due to time constraint and economics this option was 

also abandoned. 

The measured data points can be seen in Figure 6.3. For regeneration of power it doesn’t give enough 

data to say anything else than the total efficiency at -3Amps for the setup. For speed however with the 

assumption that there is only one peak point which at least is true for the theoretical motor model a 

rule of thumb that about 6 amps is the ideal power transfer at flat driving with RE50 48V. Meaning that 

for a pulse drive strategy aiming for 6 amps and then disengaging to remove the tare losses would be 

the most efficient. 

 
Figure 6.3 Efficiency at different currents and speeds.  
Maxon RE50 48V with 24 teeth used in the actual testing 

6.3 Driving strategy verification 
With the assumption that the test rig 1 Amp of motor/generator use was tuned quite similar as the car 

model presented in author’s pre-master testing of different driving strategies on the testbench were 

done. After some attempts with different strategies of how much current used in the beginning, at 
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steady state with the goal to drive close to the 140 second lap several good laps were measured like 

the one in Figure 6.4.  

The powertrain used was the “prototype” of the final with the gears that wasn’t manufactured after 

the requirements of precision. The motor used was the RE50 36V with at 375:18 gearing and the best 

simulated lap driven was as following: 

 

Figure 6.4 One of the most efficient driven laps on the test bench 

It was hard to drive exactly on the target time and distance to get comparable results. However, some 

tendencies from the testing on the test bench was as following:  

• Pulse drive – disengaging of the motor with short bursts gave the most efficient tracks times 

overall 

• Regeneration of gave quite a lot of energy back ( ≈
7.5−6.5

7.5
 =  13% in Figure 6.4) 

• The clutch in used almost no energy. By zooming in on the graph a small increase in energy 

use before regen can be seen 

Arguably, even more important the following were that problems with the powertrain were easy to 

spot while driving the track: and made it possible to work on problems that would been hard to debug 

with components in the car, like: 

• The 3D printed sliding mechanism was hard to get right 

• Electric noise made wrong readings for speed, motor engagement etc.  

• Motor engagement sometimes didn’t synchronize, much because of the sensors 

• The radial forces produced from the gearing units were handled well 

• The motor mounts aluminum part was delicate, and while it didn’t bend during driving it was 

bent on a few occasions while remounting / moving the powertrain. (new was designed) 

• Various bugs in the steering wheels micro controller code causing clutching to go in randomly 

among others 

In the end it was verified that the powertrain configuration as a system on the test bench were able to 

do the following: 

• Get up to speed of 30 km/h (but not much faster) with 375:18 gearing 

• Accelerate faster than the peak of efficient driving 
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• Regeneration of energy 

7 Full Scale Testing 
In addition to testing performance of the powertrain actual driving is also crucial to reduce the risk of 

a sub-systems not working together. With many sub-systems the potential failure modes are endless 

and by driving the car one gets closer to a validation of the different systems function. For the testing 

overall, the goal was as following:  

• Start early, preferably when snow is gone from the track and before indoor 

• Test as much as possible  

• Verify that the aluminum rims and old powertrain works so backup systems were available   

• Try to mimic race situations in terms driving  with a timer and doing cornering  

March 12.th - Indoor Testing 
With snow covering Trondheim in the middle of march the first testing happened indoor. Many gyms 

and owners of big indoor areas was skeptical to let us drive or didn’t have a entrance big enough for 

the car. However, in the end we got permission to drive at SiT Dragvoll Idrettssenter. With a quite small 

area to drive on there was no possibility to simulate lap times. The car at this state were a quite 

stripped stripped-down version of the 2017 car in the middle of being prepared for the reveal planned 

17. April. This meant that the old powertrains, aluminum rims and the old steering wheel was 

mounted.  

 
Figure 7.1 Stripped down version of the car at the 
first testing 

 

The testing was successful as the car worked and the following weak spots were found that needed to 

be worked on: 

• Front brakes we’re subbing (rear brakes disc brakes disconnected) 

• The motors got hot 

• The electronics of the car was working for the entire session (ca. one hour) 

For the motors getting hot the reason was a newly designed version of the circuit board installed. This 

read 1/3 of the actual current due to a wiring error and therefore sent too much power to the motors. 

In addition, the H-bridge control was afterwards changed from bipolar to unipolar switching which is 

supposed to be more efficient. 
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April 30.th – First Outdoor Testing 
After a month with focus on the reveal of the car and Easter holidays there was time for more testing. 

A local track (Øya løpebane) running at 400 meters were used for this testing. The old powertrain was 

still in use as the new ones wasn’t ready yet. The same was the case for the carbon fiber rim. 

With this testing the motors weren’t as hot as the previous time. However, the brakes that wasn’t 

working as expected. They were constantly subbing and not retracting after use. This had such a huge 

effect that the car wouldn’t get up to more than 20km/h with max motor force and the brakes were 

assumed to be the biggest issue for this as the car performed better after manually pushing the brake 

pads out. In addition, the fact that the track driven on were a running track wasn’t ideal as the ground 

surface was rubber and expected to give some additional rolling resistance losses.  

May 31.th – Second Outdoor Testing 
The second outdoor testing happened one month after the first one and new brake calipers were 

changed to spring-loaded version (MCP-650). New brake rotors to support this system was mounted. 

New carbon fiber rims were also mounted in the front to be physically tested on the car.  

This test was a great success and the fact that the car had been driving longer than it needed in the 

race during this test without overheated motors or subbing brakes. A few things remained though:  

• The new powertrains 

• Rear carbon fiber rims 

In addition, there were some concerns with the following things: 

• Brake lights were unstable and blinking 

• The displays in the car had unstable communication 

• The horn caused weird behavior on the car by falsely pressing buttons in the steering wheel 

This was later found to be fixed by updating the steering wheel to do multiple readings to filter out 

noise. 
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Figure 7.2 The car with the new carbon fiber rims 

 
June 10.th - First Outdoor Testing with the New Powertrain 
With a full-scale prototype with badly produced gears of the new powertrain working on the test bench 

for three weeks with regenerative braking and synchronization the hopes were high when the testing 

in the car was going to take place. The car was tested at the parking lot at NTNU Dragvoll to test it on 

asphalt. However, luck was short.  

 
Figure 7.3 The car with new powertrains mounted 

The communication between the electronic boards behaved weirdly. The clutch sometimes went in 

and out uncontrollably. And other times it looked like the controllers never got any response or didn’t 

understand that it had done a synchronization. In addition, the 3D printed motor mounts made travel 

for the plastic harder in the cold. A quick fix for this was to loosen the screws a bit.  



75 
 

With this one side work as planned while the other failed it’s communication. After a few hours of 

debugging at the field and code changes by the one responsible for motor control a solution in-

between was made. As the geared powertrain was measured to have quite low tare losses (chapter 

6.1) one of two motor mounts were forced to always be engaged. By this locking of the motors, a 

valuable function was made in case similar problems were happening during the race. In addition, the 

system was coded in such a way that if no actuator boards were present on the CAN-network the 

motor controllers would automatically assume that motors were always connected. 

On the positive side the new powertrain behaved like they were designed for in regards of the 

suspension working and making the drive more comfortable. The last-minute fix to support the new 

brakes also worked as planned. In addition, the roads on Dragvoll was quite bad and the corners 

somewhat sharp so the assumed maximum sharpness of corners and assumed worse that road 

conditions at SEM18 were tested.  

June 16.th 2018 
The problems with the new gearing system was continuing, and the board controlling the actuator was 

after two burned linear actuators found to misread the position of the actuators. With two out of three 

linear actuators were burnt up, only one powertrain had synchronization (new actuators were 

ordered). After inspecting the analog to digital reader of the linear actuators it was also found that the 

readings became notably worse in the car than on the test bench. Electromagnetic noise was once 

again assumed one of the reasons to the problems. To solve the noise problem a 3D-printed end switch 

which previously had been one of the alternative solutions for reading position of the actuators. The 

way these functioned was to clamp tight enough around the square tubes of the powertrains and doing 

two things: To make sure that the linear actuator lined up at the same each time by resting on the 

mount and to report that it was in gear. The same clamping mount were placed on the other side of 

the powertrain without a working linear actuator to always lock it in gear. 

 
Figure 7.4 The end stops for the motors 

At this testing the powertrain behaved mostly as they should where one went in and out and the other 

were locked. However, one problem was spotted: The motor controller struggled with giving 10A, 9A 
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was fine. But at 10A it sometimes gave a harsh sound from the motors and went in error mode. As the 

error made the motors became pushed back made us assume that too much current through the 

motors making too much. However, the testing was promising as both the clutching and non-clutching 

powertrain would have finished a race in the condition it was in. 

19.th June - Final Test, in Hell 
As a final test before the race the car was driven at “NAF Øvingsbane Lånke” in Hell. With huge open 

areas the goal was to get as close to real conditions with driving to max speed and cornering. In 

addition 

• Everything works 

• One powertrain with actuator, one always engaged 

• A lowering in the PI current control loops P value were found as a solution for the over current 

problem at 10A 

With the successful testing the team looked forward to London knowing that the car had been driving 

at each test – if not always in the best condition. 

8 The race 

 
Figure 8.1 Part of the track in London including the sharpest corner at the lower left 

At arrival in London the final details of the race track were given to us. Length were 945 meters instead 

of the estimated 960 meters announced before the race. The rules were still to finish 15 laps with a 

complete stop between each lap and finish at a maximum time at 35 minutes. The event started July 

2nd  with 18 of our members on-site.  

8.1 Day 1 – Unpacking 
The first day were used to prepare the car for technical inspection and two issues were found: 

• The heat in London. With one week with the 30 degrees forecasted and a sun heating more 

than in Norway the fear for of similar issues as the year before where one mirror fell of due to 

a melted glue connection 
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• The motor synchronization showed the same signs of instability as earlier in the project 

without the electrical team knowing why. Sometimes one of them wouldn’t respond, others 

they synchronized with the wrong speed 

8.2 Day 2 – Technical Inspection 
Day 2were dedicated to technical inspection of the car which opened in the middle of the day. With 

the same heat as the day before the decision to test if the car handled the heat were done. It was 

therefore on purpose left out in the sun with one goal: Parts to fall off/fail due to heat. This resulted 

in the following finding: A bad glue connection at the door locking mechanism where hot glue most 

likely had been used. It was fixed by using epoxy glue. 

The car was allowed in at technical inspection at about 12:00 and passed in only three hours without 

any major hiccups.  

With three days before the team could validate runs on the testing track and still not having found the 

reason for unstable engagement of the motors the decision to drive the car with motors always 

engaged were taken. However, troubleshooting this issue became second priority after track testing. 

8.3 Day 3 – First Track Test 
With the race starting first at Day 5 two days where teams could do practicing on the track were 

scheduled. The first lap of the first testing was driven with success. However, from driver’s(author’s) 

point of view the track were in a considerably worse shaped than the last year with some minor bumps 

in the track, a speed bump and corners that were much sharper than the corners the year before.  

     
Figure 8.2  Fractured old ball joint vs. new Heim joints  

In the second lap of the first test the worst thinkable happened. The front wheel fell off driving at 30 

km/h over the speed bump causing the car to a sudden stop. Luckily, the wheel had rested in the wheel 

bow of the care. The cause of the failure was that the ball joint that connected the lower A arm to the 

upright dislocated due to the locking pin piercing through the steel. It was also found that this joint 

were the only broken part in the suspension system.  
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Figure 8.3 The fractured part in 
the suspension system 

With the assumption that the front system worked with a lot of stress testing on worse quality roads 

than the good asphalt of SEM17 the fact that at a part fractured were a surprise. The fracture could 

have been due to fatigue, however looking at other cars driving over the same bump and taking quite 

a hit made us fear that the ball joints just couldn’t handle it. After a quite extensive search on these 

kinds of ball joints no good datasheets with ratings could be found. However, the steel was found quite 

mild and easy to make dents in.  

The combination of no knowledge of the parts strength, no good reason for selecting the ball joints 

described in the teams reports from the last year and that it was made us look at alternatives. 

After talking to other teams, they were usually using either ball made for automotive use and therefore 

quite different from ours or ball joints. After some searching we got to borrow Heim joints from 

another team. This however only had the rating of about 1.5kN, in the upward direction. And by design 

being the part that transfer the forces from ground to the A arm this left a safety factor of only three 

from the static forces from driver and car’s weight while the back were designed to handle at least 6 

times the forces from gravity (Chapter 5.4). For this reason, the front suspension was tuned to be as 

soft as possible.  

8.4 Day 4 – Last Day of Testing 
The fixed suspension was proven to work much better the second day of testing. Driving was still done 

carefully, but more than 40 laps were driven by driver and second driver meaning more than two valid 

attempts if it had been in the race day. The strategy for driving also became quite clear at this testing. 

The strategy was close to the strategy presented on the test bench in Chapter 6.3 and due to the tracks 

geometry acceleration were done at start line and after every corner as seen in Figure 8.8. This strategy 

made it easy to maintain a relatively steady speed as well as to drive as utilizing the minimum speed 

in the corners.  

Day 5 – First Race Day 
At the first day of racing the synchronization of gears with the linear actuator were more reliable. Since 

it was considered an increased risk to drive with synchronization enabled the car were driven in safest 

possible configuration with gears always engaged and suspension tuned to be soft. This precaution 

gave results by finally validating a run at 104.7km/kWh after years without valid results and were 

placing us in top three at that time.  
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With a valid result the time for increased risk in the search of a more efficient vehicle began. First out 

was testing if the clutch system were reliable enough to validate an attempt. In the race a few bad 

synchronizations, especially in the start/stop area where the car had to be restarted two times to 

function were noticed. The result was an improvement from the first result giving us 113 km/kWh.  

 
Figure 8.4 Toe misalignments effect on fuel consumption 
For a regular car with 30% of its energy losses from rolling 
resistance (bathwicktyres.co.uk, 2018) 

With this the search for the next improvement began and the following things were improved: 

Front Suspensions Effect on the Front Wheels Toe Misalignment 

The suspensions stroke in / stroke out play (sub-chapter 5.5.3) with driver inside the car was measured 

to have an effect in the front wheels alignment at about 2 degree (measured by a Track Ace Laser 

Alignment tool). Toe in / toe out is one of the biggest contributors to increased rolling resistance and 

Figure 8.4 shows how it affects a “regular” car. Several effects on our car could have an influence on 

this effect as the team’s car having narrower tires, 50% of its losses while the “regular car have” 30% 

of its losses from rolling resistance. The graph therefore wasn’t directly comparable to our car. In 

addition, the fact that a source of the graph is a tire-alignment shop in UK makes the graph risky to 

trust.  

As this misalignment were caused the shocks play that wasn’t removable without changing the 

behavior of the shock, the decision to increase shock pressure to make it close to stiff were taken. The 

Track ace Laser Alignment were then used to remove any misalignment again and the change were 

proven a success by the new measurements. 

Left Brake Caliper Misaligned During Racing 
After each of the first two race attempts the left wheel were braking so bad that when trying to spin 

the wheel by hand it stopped in a matter of seconds. Realignment of this front brake caliper was done 

to fix this before attempt one and two, however the problem kept coming back and in attempt two 

the following were noticed: In the sharpest corner there’re were a noise coming from the front 

suspension which sounded like something touching the brake rotors holes for cooling/ ventilation. By 

closer inspection the heim joints crashed into the suspension which most likely bent the calipers mount 

at the same time. For this reason, the heim joints were filed down a bit and an additional spacer was 

added in the brake caliper to reduce the risk of the same happening again.   

False Speed Readings at Synchronization 
One of the root causes for bad synchronization was finally found. During synchronization there was a 

voltage peak induced from EMI measured by scoping the speed signal with an oscilloscope. While this 
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noise from synchronization didn’t influence the car at regular operation the use of open loop control 

by sending constant voltage to get speed for synchronization caused a short burst of current rushing 

through the motor powerful enough to measure wrong speed and therefore the motors were trying 

to match the new speed while crashing. 

With this knowledge a change in the code made the synchronization trust the last reading before the 

engagement started. As synchronization worked well but was assumed to increase the risk it was 

decided that the first out of two remaining attempts were still going to be driven with no 

synchronization. 

Day 6 – Last Race Day 
On the last race day everything went as planned. The third crushed the result from the day before with 

171 km/kWh and the last result at 176.4 km/kWh. With this the team managed to get close to the 

winning team TIM07 that with a new world record got a 7% better result at 188.3km/kWh. 

The fact that we got top three also meant that we qualified to something called Drivers World 

Championship (DWC). In this race the main goal is to drive ten laps the fastest with a limited amount 

of energy that are calculated as a percentage of the main result the team gets. The winner of each 

category gets 120% of its used energy per lap, second place 110% and third 100%.  

The car wasn’t designed with this show race in mind, being geared for a low maximum speed for 

performance. Before the technical inspection one of the master cylinders loosened causing air in the 

brake system that disqualified us from this race.  

As the team had already proven its performance it’s arguably to the better that it wasn’t allowed to 

race. 2nd place out of cars in our category was still a huge victory for the team. 

 

8.5 Analyzing Shells Telemetry Data 
The team had its own telemetry system in the car as well, but as this wasn’t as accurate as the one 

delivered by Shell, used ca 5 watts and didn’t do good power readings this was disconnected during 

racing. The mandatory system Shell provided have therefore been used for analyze of data.  

This data was given out after each attempt as a .csv-file and provided the following data at 10 samples 

per second: 

• GPS speed and position 

• Joulemeter current / voltage / total energy use 

• Lap count 

With the following annoyances: 

• GPS speed wrong (lower than real) two places on the track due to a bridge interrupting the 

signals 

• The lap counter didn’t count every lap and the mandatory stop was placed before this sensor. 

This meant that the data had to be manually modified 



81 
 

8.5.1 Energy Use Per Lap 

 
Figure 8.5 Energy consumption per lap.  

To analyze how the amount of regenerative and total energy use changed per lap MATLAB were used 

as shown in Figure 8.5. With Shell using km/kWh for the results this was used for the energy in the 

comparison as well. The following could be noted: 

• 10 out of 15 laps was +/- 5 seconds from 140 seconds 

• All laps had similar energy use with a correlation to the time used to do the lap 

• Regen was also quite consistent. Hard to see any tendencies other than the fact that energy 

was recovered after each lap 

8.5.2 Data from one lap 

 
Figure 8.6 Lap 10 of 15 in our best attempt in London.  

With all laps from the final attempt being quite similar lap 10 out of 15 were analyzed. The GPS data 

to relate distance to track is shown in Figure 8.7. The findings from this data (Figure 8.6) are as 

following: 

• About 10% of the energy used were recovered each lap with regenerative braking 
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• The electric system draws a lot of energy when the powertrains were disconnected 

• Powertrains were in use ca. 50 seconds out of 140 seconds 

• The pulse drive strategy looks like what we’re planned used on the test bench 

• Regeneration of energy started after coasting down to ca. 6.5 m/s.  

• Driver (author) started to brake mechanically at ca. 4 m/s 

 
Figure 8.7 GPS points from Shells telemetry system 

 

8.5.3 Comparing with the Results of the Winning Team  
The winning team from INSA Toulouse with the car TIM07 were kind enough to share their data. To 

compare the data, distance were used as the x-axis rather than time. Both laps compared were close 

to the average lap for the teams with about the same lap time. As the graph shows the TIM07 were 

coasting and accelerating mostly at the same places as us with. However they didn’t have regen and 

therefore opted for a strategy to coast down to speed and drive faster in the beginning. This could 

have both positve consequences as regeneration are having some losses to heat while fighting 

aerodynamic drag at a uneven speed also is inefficent. One thing could however be noted: At 650 

meters the energy consumed were about the same with TIM07 having a higher maximum speed as 

well as using less time to get to this point(higher speed). This gives reason to belive that if this driving 

strategy is more efficient it isn’t much more efficient. 

One other improvement would potentially have been if the driver were holding higher speeds in corner 

one (at 150meter) and two (at 530 meter). However this was risky given the circumstances of the front 
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brakes. Especially in the 2nd corner where the driver (author) still heard the brake rotor touching while 

taking the corner as smooth as possible at speeds higher than ca. 28km/h. 

 
Figure 8.8 Comparison of DNV GL Fuel Fighters laps and the winning TIM07 car’s lap.  
Shared by permission from team Tim Ups from the INSA Toulouse.  

 

8.5.4 Energy Use by the Electrical System 
As the electrical system looked like it was used quite a lot of energy by having a noticeable energy 

increase even during the motors disengagement the consumption measured at disengagement was 

analyzed.  

To get some context to it the 174.6 km/kWh result were converted into average watts used as 139 

watts. In addition, TIM07 and TUfast were both coasting on their telemetry data and are therefore also 

included in the calculation where P=UI were calculated for an average of measurements where no 

acceleration was taken place (only electrical system on). The results were as following: 

 

TUfast 3.9 watt 

FF 8.7watt 

TIM07 7.1 watt 

 

The numbers show that 6.3% of our total energy use was due to the electric system consuming power. 

It also shows that we were the team with the highest energy use out of the three compared.  
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9 Discussion 
With the development process being an iterative process where the more one gets close to a 

understanding of how the car works the less sure one is that one has tried the best solution. With this 

an acknowledgment of the hard work with a 2nd place in the race  an only being beaten 7% by the car 

that have the World Record both in the battery-electric class(2018), ICE class(2017) and are known to 

be the lightest urban concept car made  being  with 22kg lighter than our car shows that something 

must have been done right in the development of the car and improvement of it this year. In addition 

to this the team managed to get 2nd place in the off-track award for communication. 

The last time DNV GL Fuel Fighter got a 2nd place in the main race were back in 2011 the first car built. 

And with no valid results the three last years of the race all four of four attempts are a proof of the 

team managing to build a reliable car and mitigating risk by having back up plans in case something 

was to go wrong. Examples where there was a plan B was if the rims should brake or if the new 

powertrain broke. 

With the test bench as a tool to test under close to real conditions it was also possible to verify that 

parts like the new motor controller worked early in the process by using the old powertrain. The same 

process was done with the new powertrain where a 3D-printed prototype of the two geared solution 

showed that the concept of synchronization worked and was later confirmed working full-scale.  

However, both the race and testing showed that small changes like moving the powertrain from test 

bench to the car could have unwanted consequences. In retrospect electromagnetic noise were 

especially problematic and the reason for most of the problems we had. For this reason, some of the 

electronic boards like the steering wheel should be considered remade for the next year’s team. 

In addition, the last year driver’s(author’s) assumption that the track wouldn’t have sharper corners 

than tested in Trondheim were painfully wrong causing bad results as well as the fact that the car 

wasn’t able to handle the bump during the first test track shows that one could never be prepared 

enough. 

Trying to understand the car model wasn’t easy. Below is the estimated energy use per lap from the 

car model described in chapter 3.5, the lap driving on the test bench in chapter 6.3 where the test 

bench motors wasn’t used to get the results close to the car model and the real results from the race: 

Best attempt:    19.5kJ/lap 

Test Bench, unpowered: 6.5kJ * 2= 13kJ/lap  

The car model:   Ca. 10kJ/lap 

This means that some numbers are wrong. To speculate: The one responsible for the 0.138 drag 

calculation was very skeptical about this number being true. One team in SEM were also saying that 

they had found the rolling resistance data from Maxon to be too low with a factor of 2. In addition, the 

fact that the brakes were still touching a bit in the corners could have been an potential loss.  

To try to understand the savings with the clutch system tare losses were measured. With race results 

from the car with mechanical brake issues the first two times but clutch only one of them with clutch 

and the same for the car after the mechanical issues were fixed a look for some patterns could be 

done. To calculate estimated loss in kJ/lap for clutch engaged the knowledge that the clutch was 

disengaged for 90 seconds while coasting at an average speed at about 8m/s this gives a estimated 

loss of : 
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𝑊𝑡𝑎𝑟𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 =  90 𝑠 ∗  5 𝑤𝑎𝑡𝑡/𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛 ∗  2𝑝𝑜𝑤𝑒𝑡𝑟𝑎𝑖𝑛𝑠 = 0.9𝑘𝐽/𝑙𝑎𝑝  

Always engaged 104.7km/kwh 232.1wattavg  32.5kJ/lap 

Clutch 113km/kwh 215.0wattavg - 30.1kJ/lap 

Difference with mechanical issues   = 2.4kJ/lap 

Always engaged 171km/kwh 141.8wattavg  19.9kJ/lap 

Clutch 176.4km/kwh 137.8wattavg - 19.3kJ/lap 

Difference without mechanical issues   = 0.6kJ/lap 
 

While it’s highly speculative to draw conclusions from the track data with many potential error sources 

there was a positive effect from the attempts driven with clutch in that could have been caused by the 

clutch being disengaged. The fact that Maxon and the tare measurements indicate that there is a loss 

when the motor is engaged should be taken as an indication that clutching makes the car more efficient 

by a estimated effect of ca. 3%. 

Both motor model, powertrain testing and motor to motor testing proved that we could expect high 

efficiency from regeneration of power. Regeneration were also proven to give energy back by 10% 

with our driving strategy. What should however have been tested investigated more was the effect of 

coasting vs regeneration as TIM07’s driving strategy was  as they didn’t have regenerative braking.  

Next year team should expand the search for the best speed profile by at least considering the effect 

of the following (Figure 9.1 to illustrate the points):   

1. How long to coast 

2. how much and when to regenerate energy (with two gears to increase efficiency and 

wheel torque?) 

3. When to stop the car completely so not that much time on trying to regenerate when 

there isn’t that much more kinetic energy 

 
Figure 9.1 A alternative driving strategy 

This could be done both analytically but more importantly but is also suggested to be tested during 

the competition as this is the only way to truly get the numbers were judged on and making sure the 

strategy fits the track. 

The powertrains with synchronization worked well in the end with the 3D-printed part as the trickiest 

part to get right. For next year’s team this solution should be reconsidered or improved to a better 

solution. In addition, moving the speed sensor to the other side of the powertrain is advisable for 

easier reach. 

10 Recommended Further Work 
As the next year’s team needs to make a new chassis with two doors focus should be on this part. As 

the monocoque used this year was responsible for half of car’s at about 42 kg while being simulated 

to being much less production gets important. Read the report from the 2017 team (Carlsen and Oma, 
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2017) and aim for around 20kg as a required weight. This has been doable for both TIM and the first 

car SEM car made at NTNU. Also talk to Revolve as they’re also making carbon fiber monocoques. 

Make sure that the old powertrains fit in the new design, either as a backups solution or as the main 

system in use. Use both the old car until the new are ready and the test bench to make sure the 

powertrains work. This is by far the easiest way for new members to learn the powertrains. 

Remember that every part on the could break. Stress test the suspension and cornering abilities of the 

car. And, don’t over engineer. More complexity increases the chance of delays and makes it more time 

consuming to debug and fix systems if something goes wrong. 

 

11 Conclusion 
The work presented in this master thesis were critical of top three in the competition. With the 2nd 

place and four out of four validated runs in London in terms of developing a reliable new powertrain 

with the old powertrain as a backup. Measurements and theory also suggest that the developments 

of the new geared powertrain could be expected to transfer energy more efficient from motor to wheel 

and were proven to regenerate 10% in the race.  

The mechanical aspects of the new powertrain improved the stiffness and made the suspensions ability 

to absorb bump forces and compensate for uneven ground level better by a utilizing an increased load 

on the shock. 

Weight wise the new carbon fiber rims alone made a reduction in 4.7kg of the weight. The new 

powertrain was also responsible for a weight saving of 2.5 kilogram. This and other changes like new 

windows and door hinge (not described in this thesis) made the team reach the 90-kilogram goal they 

set in the beginning of the year with a good margin and the car was weighted to 85 kilogram.  

A goal that wasn’t realized was the two geared transmission due to time constraints. However, theory 

shows it could be more efficient and the car as a proof that synchronization of gears work makes it 

likely that a such powertrain should work. Otherwise using the RE50 36V is also considered better than 

the 48V version of the same motor. 
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Appendix A: Race Results 
Valid attempts and result for the UC-category: 

 

Source: shell.com 

 

 

 

2nd place communication, with judges’ comment: 

Communications 

2nd place: 

DNV GL Fuel Fighter 

Norwegian University Of Science And Technology, Norway 

The team set ambitious goals for their communications program, and while they 

didn’t always meet them, they recognized where they fell short and endeavored to 

improve through the course of the campaign and shifted tactics when necessary. 

They succeeded in showcasing their diversity and reaching their target audiences by 

featuring team members and securing coverage in their school newspaper and other 

media and tried innovative techniques like a campus Easter Egg Hunt that engaged 

students and educated them on the team’s effort and broader energy issues. 

Source: shell.com 

 

  



89 
 

Appendix B: Articles 
BilNorge.no, (8.7.18): 
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91 
 

Article Romsdals Budstikke (9.7.2018): 
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Appendix C: Rim Calculations 
 (Setup with help from Nils Petter Vedvik at MTP) 

Outer ring 2D Element Normals: 

 

Shell element direction: 
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Results for simulation of all forces other than the pressure forces: 

 

 

 

 

DiabH35: 
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Med kjerne:  
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Deformations
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Settings for easypreg:  
(The layup added to the 2D mesh as PCOMPG:) 
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Appendix D: Rotary vs stationary axle 
To find the effect of a rotary vs stationary axle one of the earlier powertrain CAD concepts with 2mm 

thick walls were analyze. The following constraints were set for the powertrain: No translation in any 

of the two wall mounts (locked translation) and no translation relative to the direction of where the 

suspension goes in (simply supported constraint).  

Rotating Axle 

The simulation for rotating axle with play were conducted by assuming a solid aluminum axle of length 

150mm and diameter in thickness. To say anything about the forces to the frame the force of 500N 

were added to each side of the powertrain with the assumption that the axles length direction didn’t 

add any extra stiffness due to the symmetrical forces and design. The result became that forces from 

momentum (Σ𝑀 =  0) in the middle of the wheel axle were distributed as following: 𝐹𝑚 =

𝐹𝑐𝑜𝑟𝑛𝑒𝑟𝑖𝑛𝑔 ∗ 𝑟𝑤ℎ𝑒𝑒𝑙/2 ∗ 75𝑚𝑚 =  927𝑁 should be working upwards and downwards (red arrows) and 

that forces from (Σ𝐹𝑥 = 0) were equally distributed as 𝐹𝑥 = 𝐹𝑐𝑜𝑟𝑛𝑒𝑟𝑖𝑛𝑔/2 = 250𝑁.  

 

 

The result for the stiffness of the frame in CAD were as following: 
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By assuming small deformations + superposition the total deformation can be described by the 

following geometry: 

 

From the simulation the Δ𝑙𝑚  =  8.05𝑚𝑚 ∗ 2/150𝑚𝑚 ∗  556𝑚𝑚/2 =  29.8𝑚𝑚 and Δ𝑙𝑥 = 4.1𝑚𝑚. 

To find the Δ𝑙𝑎 caused by bending in the axle a beam calculator from were used combined with the 

following data for aluminum: E= 70GPa.  And 𝐼 =
𝜋𝑟4

4
= 2485𝑚𝑚4 giving the following results 

displayed underneath. By using the angular deflection and still assuming small deformations the 

displacement due to the axle bending became Δ𝑙𝑎 = 𝑡𝑎𝑛(θ𝑚𝑎𝑥) ∗ 𝑟 = 2.8𝑚𝑚 
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Calculated with https://www.amesweb.info/ 
StructuralBeamDeflection/SimpleBeamIntermediateMoment.aspx 

The total deformation of the free axle at 15mm became: Δ𝑙𝑡𝑜𝑡  = Δ𝑙𝑎 + Δ𝑙𝑚 +  Δ𝑙𝑥  = 𝟑𝟕𝐦𝐦 

Fixed Axle 

For calculating the stiffness of a fixed axle the same 15mm axle were added to the design and simulated 

as following with a simplified hub: 
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With this simulation no manual calculations had to be done to find the total deformation of 13.21 mm.  

With the following structure the overall stiffness is 2.8x stiffer for the design with the axle mounted 

rigidly.  
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Appendix E: FEA of The Carbon Fiber Rim 
Carbon fiber rim: 

 

Core as is first proto 

 

Fire lag – bedre men ikke perfekt 
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DiabH100: 

2 plies, 1.6MPa Shear 

 

 

 

DiabH35: 

 

 

 

 

Med kjerne:  
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Centering tool 
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Actuator mount 
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Appendix F: FEA of the Powertrain Design 
Bump force: 
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Cornering force: 
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Worst Case, all loads cases at once: 
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Appendix G: Gears 
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Gear production with GC toolkit in Siemens NX 
How to change registry entities into Chinese Siemens NX to add GC toolkit for gear modelling (one of 

few software alternatives capable of drawing such big involute gears):  

https://www.youtube.com/watch?v=yFxgOyAobNg  

Settings for 375 teeth internal module 1 spur gear: 

 

 

 

  

https://www.youtube.com/watch?v=yFxgOyAobNg
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Settings for the 15 teeth addendum modified gear 
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Appendix H: Old Rims Calculations 
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Measured weight:2.57 kg 
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Appendix I: Maxon RE50/65, Datasheet  
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Appendix J: Analyze of SEM Telemetry Data  

%gpsData.m 

%author: Sivert Rød Hatletveit 

%This function plots GPS data from Shells telemetry system 

 

s= 1;       %starting measurement 

e=1391;     %last measurement to concider 

 

lat= zeros (1,1391); 

lon= zeros (1,1391); 

step=0; 

 

for i = 1:1391 

    lat_buf= tim_l5.gps_latitude(i); 

    lat(i) =  str2num(lat_buf{1}(5:end-1)); 

    lon_buf= tim_l5.gps_longitude(i); 

    lon(i) =  str2num(lon_buf{1}(6:end-1)); 

    if (tim_l5Distance(i)*1000 >= step) 

        text(lon(i),lat(i), sprintf('%dm',step)) 

        step=100+step; 

 

    end 

end 

geoshow(lat,lon) 

 

 

%analyzeOneLap.m 

%author: Sivert Rød Hatletveit 

%This function plots GPS data from Shells telemetry system 

 

file=a4fix; 

lapToAnalyze=8; 

lap=1; 

lapStart(1)= 1; 

for d=2:height(file) 

    lapOld=lap; 

    lap=file.Lap(d); 

    if lapOld ~= lap 

        lapStart(lap)= d; 

    end 

end 

lapStart(lap+1)= height(file); 

 

x=(file.Time(lapStart(lapToAnalyze):lapStart(lapToAnalyze+1)) - 

file.Time(lapStart(lapToAnalyze)))*3600; 

yDistance=file.GPSDistancem(lapStart(lapToAnalyze):lapStart(lapToAnalyze+1))   -

file.GPSDistancem(lapStart(lapToAnalyze)) ; 

yNetJoule= file.jm_netJoule(lapStart(lapToAnalyze):lapStart(lapToAnalyze+1))- 

file.jm_netJoule(lapStart(lapToAnalyze)); 

ySpeed=file.GPSSpeedms(lapStart(lapToAnalyze):lapStart(lapToAnalyze+1)); 

 

ylabels{1}='Distance [m]'; 

ylabels{2}='Energy [kJ]'; 

ylabels{3}='Speed [m/s]'; 

 

 

[ax,hlines] = plotyyy(x,yDistance,x,yNetJoule/1E3,x,ySpeed,ylabels); 
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Appendix K: Modeling and Simulation of the Car on the Track 
Author: Johannes Nadler  
Modelling and Simulation of the Car on the Track 

Building a model of the car driving on the track and analysing it by running simulations can give 

worthwhile insights in how the car performs. It may be a base on finding a good driving strategy that 

results in lowest energy consumption. It helps to find a suitable gearing so that the motor performs 

most efficiently. It can be used to estimate the heat generated in the motors or the controllers. It 

may also be used to get an idea of how important low mass is or how important a low air drag 

coefficient is. The effect of hills on the track on the energy consumption can also be analysed if the 

height profile of the track is known. 

Building the model of the car 

The model of the car includes the mechanical part with all relevant forces acting on the car and the 

electrical description of the motors.  

One of the forces acting on the car is the air drag 

𝐹𝑎𝑖𝑟 =
1

2
𝜌 ⋅ 𝑐𝑑 ⋅ 𝐴 ⋅ 𝑣2 = 𝐶𝑐 ⋅ 𝑣2   

where 𝜌 stands for the air density, 𝑐𝑑 the drag coefficient and 𝐴the frontal area. 

The rolling resistance is assumed to be a constant force and is calculated as 

𝐹𝑟𝑜𝑙𝑙 = 𝜇𝑟 ⋅ 𝑀𝑐 ⋅ 𝑔 = 𝑁𝑐 

where 𝜇𝑟is the rolling friction coefficient, 𝑀𝑐is the car mass and 𝑔 is the gravity.  

Hill climb forces have not yet been implemented in the model. 

Newton’s second law states 

𝐹𝑚 − 𝐹𝑎𝑖𝑟 − 𝐹𝑟𝑜𝑙𝑙 = 𝑀𝑐+𝐼 ⋅ 𝑣̇ 

with 𝐹𝑚being the driving forces of the motors and 𝑀𝑐+𝐼the mass of the car plus the equivalent mass 

of inertias. 

The model of an electric motor has already been discussed in the document Behaviour of DC 

Machines under Electronics/All Parts/Motors. 

There are transformations between the linear velocity of the car and the angular velocity of the 

motors depending on wheel diameter and gear ratio. The same counts for the driving force 𝐹𝑚and 

the electric torque of one motor 𝑇𝐸where friction torque of the motor and  transmission efficiency 

have been taken into account. See the simulink model CarModelJohannes.slx for more details. 

The simulink model was built so that a driving force 𝐹𝑚is applied. The origin of it, which is motor 

torque, is calculated backwards. This makes running the simulation easier and no speed or torque 

control needs to be implemented.  

 

Calculating accelerating, cruising and decelerating time intervals 

The aim in this section is to derive the steps of calculating the time length of acceleration, cruising 

and deceleration. These values will then be passed over to the simulink model. To keep things 



126 
 

simple, it is assumed that there are three phases during each lap. For a time interval of 𝑡𝑎𝑐𝑐, the 

motors will output a constant torque to accelerate the car up to cruising speed 𝑣𝑐𝑟𝑢𝑖𝑠𝑒.  After that, 

the car keeps constant speed for a time interval of 𝑡𝑐𝑟𝑢𝑖𝑠𝑒. The last phase consist of the deceleration 

by applying a constant negative torque on the motors for a time length of 𝑡𝑑𝑒𝑐. The figure below 

shows an example of the speed and the distance travelled of the car during one lap. 

 

 

A lap is 970 m long. Because we need to finish 15 laps within 35 minutes, every lap takes 140 s. The 

car has to come to a full stop at the end of the lap. 

The time intervals are calculated by solving differential equations to get the speed functions of the 

car with respect to time.  

 

As given in the previous section, Newton’s second law of motion applied on the car gives 

𝐹𝑚 − 𝐶𝑐 ⋅ 𝑣2 − 𝑁𝑐 = 𝑀 ⋅ 𝑣̇ =  𝑀 ⋅
𝑑𝑣

𝑑𝑡
 

This differential equation can be solved by separation. 

∫
1

𝐹𝑚 − 𝑁𝑐
𝑀 −

𝐶𝑐
𝑀 ⋅ 𝑣2

𝑑𝑣 =  ∫ 𝑑𝑡 =  𝑡 + 𝐶0 

By introducing the variables 𝐴 =  
𝐹𝑚−𝑁𝑐

𝑀
 and 𝐵 =  −

𝐶𝑐

𝑀
the solution of the left integral is given in the 

book of formulas. Depending on the value of 𝐴 ⋅ 𝐵 it is 

 

i)∫
1

𝐴+𝐵⋅𝑣2 𝑑𝑣 =
−2

√−4𝐴𝐵
 𝑎𝑟𝑡𝑎𝑛ℎ 

2𝐵⋅𝑣

√−4𝐴𝐵
  for 𝐴 ⋅ 𝐵 < 0 (Acceleration) 

ii)∫
1

𝐴+𝐵⋅𝑣2 𝑑𝑣 =
2

√4𝐴𝐵
 𝑎𝑟𝑐𝑡𝑎𝑛 

2𝐵⋅𝑣

√4𝐴𝐵
   for 𝐴 ⋅ 𝐵 > 0 (Deceleration) 
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Let’s consider case i) for acceleration.  

−2

√−4𝐴𝐵
 𝑎𝑟𝑡𝑎𝑛ℎ 

2𝐵⋅𝑣

√−4𝐴𝐵
= 𝑡 + 𝐶0      

The integral constant 𝐶0is found by setting in the condition for t = 0, which is 𝑣(𝑡 = 0)  =  0. This 

leads to 𝐶0 =  0. Rearranging the equation for speed gives the function we want: 

𝑣𝑎𝑐𝑐(𝑡)  =
√−𝐴𝐵

−𝐵
⋅𝑡𝑎𝑛ℎ (√−𝐵𝐴 ⋅ 𝑡) 

Integration brings us to the distance travelled since the begin of acceleration. 

𝑥𝑎𝑐𝑐(𝑡)  =  −
1

𝐵
𝑙𝑛 (𝑐𝑜𝑠ℎ (√−𝐴𝐵 ⋅ 𝑡𝑎𝑐𝑐)) 

 

Let’s have a look at the deceleration (case ii). 

2

√4𝐴𝐵
 𝑎𝑟𝑐𝑡𝑎𝑛 

2𝐵 ⋅ 𝑣

√4𝐴𝐵
= 𝑡 + 𝐶0 

In this case, the speed at beginning of deceleration is not zero, but equal to the cruising speed 

𝑣𝑑𝑒𝑐(𝑡 = 0)  =  𝑣𝑐𝑟𝑢𝑖𝑠𝑒. The integral constant is therefore 

𝐶0 =  −
𝑎𝑡𝑎𝑛 (𝑣𝑐𝑟𝑢𝑖𝑠𝑒√𝐵/𝐴)

√𝐴𝐵
 

This yields 

𝑣𝑑𝑒𝑐(𝑡)  =
√𝐴𝐵

𝐵
𝑡𝑎𝑛 (√𝐴𝐵 ⋅ (𝑡 + 𝐶0)).  

Integration yields 

𝑥𝑑𝑒𝑐(𝑡)  =  −
1

𝐵
𝑙𝑛 (𝑐𝑜𝑠 (√𝐴𝐵 ⋅ (𝑡 + 𝐶0))) + 𝐶1  

The constant 𝐶1equals the distance travelled just before deceleration. It can be set to zero. Total 

distance will later be calculated by summation of the distances during acceleration, cruising and 

deceleration.  

𝐶1 =
1

𝐵
 𝑙𝑛 (𝑐𝑜𝑠 (√𝐴𝐵 ⋅ 𝐶0)) for 𝑥𝑑𝑒𝑐(𝑡 = 0)  =  0 

 

As now all necessary functions have been derived, a set of equations can be arranged to calculate 

𝑡𝑎𝑐𝑐 , 𝑡𝑑𝑒𝑐 𝑎𝑛𝑑 𝑡𝑐𝑟𝑢𝑖𝑠𝑒. 

 

𝑥𝑎𝑐𝑐 + 𝑦𝑐𝑟𝑢𝑖𝑠𝑒𝑡𝑐𝑟𝑢𝑖𝑠𝑒 + 𝑥𝑑𝑒𝑐  =  𝑥𝑙𝑎𝑝  

𝑣𝑐𝑟𝑢𝑖𝑠𝑒 =  𝑣𝑎𝑐𝑐(𝑡𝑎𝑐𝑐) 

𝑡𝑐𝑟𝑢𝑖𝑠𝑒 = 𝑡𝑙𝑎𝑝 − 𝑡𝑎𝑐𝑐 − 𝑡𝑑𝑒𝑐 
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As this set of equations is hard to solve analytically, the script AccelerationAnalysis.m solves it 

numerically. 

 

Simulation results 

The following parameters were used exemplarily to show the results of a simulation.  

car mass including inertia = 170 kg 

c_d = 0.138 (air drag coefficient) 

A_front = 0.882 m^2 

μ = 0.0013 (rolling resistance coefficient) 

 

One lap takes exactly 140 s and is 970 m long. For simplicity, the track is completely flat. 

 

The motor applies constant torque during acceleration and deceleration. Because the corresponding 

force driving the car forward is much greater than the rolling and air drag forces, the Speed increases 

about linearly. Speed is kept constant during the cruising phase. Regenerative braking is used in the 

end to get some of the kinetic energy back into the battery. Fast acceleration and deceleration is 

preferred when it comes to decrease air drag because the cruising speed will be lower (most drag 

work arises during cruising at higher speed). However, fast acc and dec requires the motor to run 

under high load. DC motors typically have worse efficiency at high load.  

The following graph shows efficiency of the motor. 
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Yellow represents motor efficiency. In the end of the lap, we are doing regenerative braking and the 

blue line represents the efficiency of it. Motors have low efficiency at low speeds. It is better to run 

them at higher speeds. That is why we are thinking of implementing a two-gear-transmission instead 

of the fixed one gear, that we have right now. The average efficiency during acceleration and 

deceleration is about 70%. During cruising it is higher than 80% and can be even higher if cruise 

control is used (motor is disengaged and engaged periodically). 

The next graph shows the different kinds of works during one lap. 

 

 

W_roll is rolling work, W_air is air drag work, W_kin is kinetic work and W_el is the electric input 

work that comes from the battery. The time derivative of these graphs would be power. W_el at t = 

140s is the total energy used which is drained from the battery. In this example, it is 10760 J. Rolling 

resistance is about 2000 J, air drag is about double, 4000 J. 

 

Dissipative and conservative energy 

Here is a rough calculation of how to estimate the energy needed for one lap. We will see that 

conservative energy like kinetic or potential energy has a different impact on energy consumption 

than dissipative energy.  



130 
 

If we had a motor and a drive train with 100% efficiency, the energy needed to drive one lap would 

be 6000 J, because that is the energy which is dissipated due to rolling resistance and air drag. The 

inefficiency of the motor makes this number go much higher though.  

Let us assume an average motor efficiency of 85% during cruising. Most of the air and rolling 

resistance happens during cruising. Thus, the electric work to overcome these resistances is  

E_roll_air = (W_roll+W_air)/0,85 = 6000*1,17 = 7020 J 

This is still far away from the 10760 J that the simulation calculates. This is because of the motor 

losses during accelerating and decelerating. Lets assume an average motor efficiency of 70% during 

acc and dec. The kinetic energy to get up to cruising speed is 5045 J. The electric work needed to 

accelerate the car from the start is therefore 

E_acc = E_kin/0,7 = 5045 J *1.43 = 7214 J. 

Adding this to E_roll_air gives us 14234 J. This would be the energy we need if we had no 

regenerative braking. But we have, so lets calculate how much energy we get back. I assume 70% 

efficiency for braking as well. We get the following energy back: 

E_dec = -E_kin*0,7 = -5045 J*0,7 = -3531 J 

We can summarise E_acc und E_dec to 

E_acc/dec = E_kin*(1-0,7*0,7)/0,7 = E_kin*0,73 = 3682 J 

 

This means that the battery is drained by 7020 J because of drag and 3682 J because of kinetic 

energy. The sum of this is 10702 J, which is close to the 10760 J of the simulation. 

What we see is that we actually need electric energy to speed up and slow down, but the amount of 

electric energy needed is just 73% of E_kin, while the energy needed to overcome the dissipative 

work is 143% of it.  

 

Energy consumption of hill climbing 

Similar considerations can be made for having hills on the track. The potential energy of climbing a 

hill is simply calculated as  

E_pot = m*g*h 

Going up a hill will consume around 

E_up = E_pot/0,7 = E_pot*1,43 

if an efficiency of 70% is assumed during the conversion of electrical energy to potential. When going 

down a hill, the energy regained depends on the steepness of the hill and the driving strategy. 

Ideally, the hill decline is just slightly so that drag and rolling forces equal the slope force and the car 

keeps steady speed. This way, the motors can be disengaged and all of the potential energy is used 

directly to overcome drag. This hill would ‘cost’ only E_pot*0,43 of electric energy. 

If the hill has a steep decline, there are different strategies. One could simply roll down the hill 

without motors engaged. This will speed up the car. All the potential energy is used directly to 

overcome drag and increased kinetic energy. If the car speeds up very fast, higher drag will occur. 

Another strategy would be to regenerate by braking down and keep steady speed. The upside of this 
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strategy is that drag will be lower. However, not all the potential energy can be turned back into the 

batteries because of limited efficiency during regen. 

I guess that the best solution is to disengage the motors when rolling down a hill even if the speed is 

slightly increasing. The weight of the car will probably make sure that the speed does not increase by 

much and the hills during the race in London are not steep enough. Further simulations will follow! 

 

Is the simulation realistic? 

The simulation for one lap calculated one lap to consume 10760 J of electrical energy. This equals a 

specific consumption of 0,97 km/(10760/60/60)Wh = 324 km/kWh. The best team 2017 (Urban 

concept, battery electric) won by consuming 186 km/kWh. It is highly improbable that our car will 

perform this well.  

The simulation is very optimistic because of the following reasons: 

- The track is assumed to be flat. But it is not. The potential energy to go up a small hill that is just 2 

m high is E_pot = m*g*h = (170 * 9,81 * 2) J = 3335 J. If we roll down the hill and use regain all the 

potential energy, we would need around 3335 J*0,43 = 1434 J. 

- Air drag parameters were calculated on the computer and are probably higher in reality. During 

cornering, it will be higher. 

- Rolling resistance was only estimated roughly μ = 0.0013. I think no one knows how much it is in 

reality. Rolling resistance also increases during cornering. 

- Motors get hot. This will increase copper resistance and the efficiency will get worse. 

- Cruising at constant speed may not be possible because of corners and traffic. This means that we 

will reach higher peak velocities during a lap which increases air drag. 

- Transmission efficiency of 95% is also just a rough guess 

- Losses in the battery, wiring, motor controller were not taken into account 

- all auxiliary components like dashboard, lights etc... need power and the new rules of the Shell Eco 

Marathon say that this power will be measured as well and contributes to the total energy needed 

... 
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Appendix L: Behavior of DC Machines 
Author: Johannes Nadler  

The aim of this document is to present a simple model for a brushed DC motor and to derive various 

properties like current flow, power and voltage. The efficiency shall be illustrated in a contour plot with 

speed on the x-axis and output torque (or current) on the y-axis. The MATLAB script MotorEfficiency.m 

plots the results of the equations derived in this document. 

The electrical equivalent circuit of a brushed DC motor is shown below. 

 

Since we are only interested in the steady-state behavior of the motor, the inductance can be 

neglected. This circuit yields the equation 

𝑉𝑀 = 𝑅 ⋅ 𝐼𝑀 + 𝑒. 

By multiplying this equation with motor current, the power equation of the circuit is obtained. 

𝑃𝑒𝑙 = 𝑉𝑀 ⋅ 𝐼𝑀 = 𝑅 ⋅ 𝐼𝑀
2 + 𝑒 ⋅ 𝐼𝑀  (1) 

The back-EMF voltage 𝑒 increases proportional to speed, i.e. 𝑘𝜔 𝑒 = 𝜔, where 𝑘𝜔is the motor speed 

constant in rad/(Vs) and 𝜔is the angular velocity of the motor in rad/s. 

A DC motor develops an electromagnetic torque 𝑇𝐸 according to 𝑇𝐸 = 𝑘𝑇 ⋅ 𝐼𝑀, where 𝑘𝑇is the motor 

torque constant in Nm/A. Both motor constants are connected to each other 𝑘𝑇 ⋅ 𝑘𝜔 = 1.  

The electromagnetic torque equals the sum of the output torque and a constant friction torque 𝑇𝑓. 

𝑇𝐸 = 𝑇 + 𝑇𝑓 

These two constitutive laws can be inserted in (1) to describe the electrical input power in terms of 𝑇 

and 𝜔. 

𝑃𝑒𝑙 = 𝑅 ⋅ 𝑘𝜔
2(𝑇 + 𝑇𝑓)2 + 𝜔 ⋅ (𝑇 + 𝑇𝑓)  (2) 

 

The mechanical output power equals 

𝑃𝑚𝑒𝑐ℎ = 𝑇 ⋅ 𝜔     (3) 

 

The MATLAB script MotorEfficiency.m  plots the electrical power 𝑃𝑒𝑙and mechanical output power 

𝑃𝑚𝑒𝑐ℎ shown below. 
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The efficiency during motor operation can now be derived in terms of 𝑇  and 𝜔 using (2) and (3). 

 𝜂𝑀 =
𝑃𝑚𝑒𝑐ℎ

𝑃𝑒𝑙
=

𝑇⋅𝜔

𝑅⋅𝑘𝜔
2(𝑇+𝑇𝑓)2+𝜔⋅(𝑇+𝑇𝑓)

  (4) 

The efficiency during operation as a generator is defined as the reciprocal value, i.e. 

 𝜂𝐺 =
𝑃𝑒𝑙

𝑃𝑚𝑒𝑐ℎ
=

𝑅⋅𝑘𝜔
2(𝑇+𝑇𝑓)2+𝜔⋅(𝑇+𝑇𝑓)

𝑇⋅𝜔
   (5) 

When generating electric power, a reverse current 𝐼𝑀 < 0must flow while still applying positive 

voltage 𝑉𝑀. To meet these conditions,𝑉𝑀must lie between zero and 𝑒.  

The efficiency equation allows easier interpretation if the friction torque is neglected (5). 

𝜂𝑀 =
𝑃𝑚𝑒𝑐ℎ

𝑃𝑒𝑙
=

𝑇⋅𝜔

𝑅⋅𝑘𝜔
2𝑇 2+𝜔⋅𝑇

=
1

𝑅⋅𝑘𝜔
2 𝑇

𝜔
+1

   (5) 
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Equation (5) leads to the conclusion, that the efficiency of the motor increases with speed and 

decreases with torque. MATLAB is used to get an efficiency plot using equation (4) and (5) without 

friction (𝑇𝑓 = 0). The RE50 motor rated for 48V serves as an example. The first quadrant shows motor 

efficiency, the second quadrant displays generator efficiency. 

 

In this graph, the torque on the y-axis has been substituted for motor current. 

𝐼𝑀 = (𝑇 + 𝑇𝑓) ⋅ 𝑘𝜔 

This graph shows that efficiency goes up to 100% if no torque (or current) is applied and decreases as 

the load increases. Higher speed increases efficiency. The green line indicates the operation of the 

motor if 48 V are applied. Operation above this line is only possible if the battery voltage is higher than 

this. In generator mode, the efficiency drops to zero if zero voltage is applied to the motor. Negative 

voltage may be applied, but this will make the machine operate as a motor in reverse, as both 𝐼𝑀 and 

𝑉𝑀 are negative.  

The efficiency map changes, when friction torque is introduced. Friction torque can be estimated by 

knowing the no-load current of the machine. 

𝑇𝑓 ≃ 𝐼0 ⋅ 𝑘𝑇 

A constant friction torque results in a friction loss 𝑃𝑓 = 𝑇𝑓 ⋅ 𝜔, which decreases efficiency at low loads. 

At higher loads, the friction loss is small compared to the output power and has less effect on 

efficiency. 
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Behavior at constant speed 

The behavior of the motor at a constant speed shall be further discussed in this section. The graph 

below illustrates this behavior and shows applied motor voltage on the x-axis. The RE50 is used and 

spins at 2500 rpm. The battery voltage is set to 48V. Friction losses are neglected.  

 

A constant speed generates a constant back-EMF 𝑒. If the applied motor voltage is higher than this, a 

positive current will flow, which increases linearly with motor voltage according to 𝐼𝑀 = (𝑉𝑀 − 𝑒)/𝑅. 

This produces a positive torque so that the machine operates as a motor. The mechanical power 

increases linearly according to 𝑃𝑚𝑒𝑐ℎ = 𝑒 ⋅ 𝐼𝑀.  

The battery current equals 𝐼𝐵 = 𝐼𝑀
𝑉𝑀

𝑉𝐵
 and is a second order polynomial function of 𝑉𝑀 after 𝐼𝑀has 

been substituted for 𝐼𝑀 = (𝑉𝑀 − 𝑒)/𝑅. The electrical power has the same shape as 𝐼𝐵 because of 𝑃𝑒𝑙 =

 𝑉𝐵 ⋅ 𝐼𝐵. The electrical power which is gained in generating mode has its peak value at 𝑉𝑀 = 𝑒/2. 

Efficiency drops linearly as motor voltage is decreased (and motor current increases).   
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Appendix M: Motor Efficiency Maxon RE50/RE65 
%% motorEfficiency.m 

Author: Johannes Nadler 

t = -1.5:.005:1.5;   % Torque range in [Nm]. Both positive and negative values allowed  
rpm = 0:5:4900;  % Speed range in [1/min]. Only positive values allowed 
Motor = 'RE5048';  % Type of motor to analyse 
V_B = 48;   % Battery Voltage [V] 
%% Motor constants  

 
switch(Motor) 
    case 'RE5048' 
        k_n = 102;  % Speed constant [rpm/V] 
        k_T = 0.0934; % Torque constant [Nm/A] 
        R = 0.608; 
        I_0 = 0.119;    % No load current; used for calculating friction torque 
    case 'RE5070' 
        k_n = 39.5;  % Speed constant [rpm/V] 
        k_T = 0.242; % Torque constant [Nm/A] 
        R = 3.9; 
        I_0 = 0.0274;    % No load current; used for calculating friction torque 
    case 'RE5036' 
        k_n = 158;  % Speed constant [rpm/V] 
        k_T = 0.0604; % Torque constant [Nm/A] 
        R = .244; 
        I_0 = 0.195;    % No load current; used for calculating friction torque 
    case 'RE6548' 
        k_n = 77.8;  % Speed constant [rpm/V] 
        k_T = 0.123; % Torque constant [Nm/A] 
        R = .365; 
        I_0 = 0.289;    % No load current; used for calculating friction torque 
End 

 
%% Calculations 
w = rpm*2*pi/60; 
[T,W] = meshgrid(t,w); 
k_w = k_n/60*2*pi;  % convert k_n to k_w[rad/s/V] 
T_f = I_0*k_T;  % Friction torque [Nm], which is assumed to be constant over speed 
P_m = W.*T;         % Mechanical output power [W] 
I = (T+T_f)/k_T;    % Motor current [A] 
P_e = R*I.*I+W*k_T.*I; % Electrical power [W]   

 
% Motor efficiency 
eta_M = P_m./P_e; 

 
% Generator efficiency 
eta_G = P_e./P_m; 
q1 = P_e > 0;   % First quadrant 
q2 = P_e < 0;   % Second quadrant 
eta = eta_M.*q1 + eta_G.*q2;    % Efficiency map uses motor eff. for first quadrant 

and generator eff. for second quadrant 

 
% Draw mechanical power contour plot 
figure(); 
contour(W*60/2/pi,I,P_m,50, 'ShowText','on'); 
title(strcat('Mechanical Power- ', Motor)); 
xlabel('n [1/min]'); 
ylabel('i [A]'); 
% Draw electrical power contour plot 
figure(); 
contour(W*60/2/pi,I,P_e,50, 'ShowText','on'); 
title(strcat('Electrical Power- ', Motor)); 
xlabel('n [1/min]'); 
ylabel('i [A]'); 
% Draw efficiency plot 
figure(); 
levels=[0:0.2:0.6... 
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    0.7:0.05:0.85... 
    0.86:0.01:0.95]*100;    % Efficiency contour lines to draw 
contour(W*60/2/pi,I,eta*100,levels, 'ShowText','on'); 
hold on; 
[C,h] = contour(W*60/2/pi,I,P_m,[100,100],'--b','LineWidth', 1, 'ShowText','off'); % 

Constant power curve 
hcl = clabel(C); 
set(hcl(2), 'String', '100 W', 'FontSize',12);   
T_line = k_T/R*(V_B-w/k_w)-T_f;     % Tw-line for constant motor voltage = V_B 
I_line = (T_line+T_f)/k_T; 
plot(W*60/2/pi, I_line, '-.g', 'LineWidth', 1); 
ylim([I(1) I(end)]); 
title(strcat('Efficiency- ', Motor)); 
xlabel('n [1/min]'); 
ylabel('i [A]'); 
grid on; 
%% Motor and battery current over motor voltage 
% Neglecting friction losses 
n = 2500;  % Motor speed [1/min] 

  
w = n*pi/30; 
e = w/k_w; 
v_M = 0:0.1:V_B; 
i_M = (v_M-e)/R; 
i_B = v_M.*i_M/V_B; 
P_m = w*i_M*k_T; 
P_e = V_B*i_B; 
eta_M = P_m./P_e; 
eta_G = P_e./P_m; 
q1 = i_M>0; 
q2 = i_M<0; 
eta = eta_M.*q1 + eta_G.*q2; 

  
ylabels = {'Current [A]', 'Power [W]', 'Efficiency [%]'}; 
[ax,hlines] = multiplotyyy({v_M,i_M,v_M,i_B},{v_M,P_e, v_M, P_m},{v_M, eta},ylabels); 
legend(cat(1,hlines{:}),'Motor current','Battery current','Electric 

power','Mechanical power','Efficiency','Location','northwest') 
grid on; 
header = strcat('Current and power over motor voltage at constant speed - ',Motor,', 

n=', num2str(n),' 1/min, V_B = ',num2str(V_B),' V'); 
title(header); 
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Appendix N: Topology optimized design vs square tubes 
Topology inspired arms in the swing arm designed for one sided milling 

 

Weight of the arm with brake mount: 0.484kg  

 

Total assembly weight: 1.36kg 
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Weight of the arm with brake mount: 0.362kg  

 

Total assembly weight: 1.06kg 

 

 

Material assumption: 7075-t6 aluminum, ca 500Mpa strength. Strong enough 
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Displacement: 13.29mm 

 

 

Displacement: 9.278mm 
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Maximum forces in frame: Ca. half of the yield strength of 170Mpa.  ("6060-T6 Aluminum", 

www.makeitfrom.com/material-properties/6060-T6-Aluminum, retrieved 2018-07-31.) 
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Appendix O: Datasheet for Actuonix P16 
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Appendix P: Datasheet for Divinycell H 
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Appendix Q: Datasheet for Michelin Urban Concept Tires 

  

MICHELIN TIRES AND RIMS CARACTERISTICS 

Urban Concept 

 
── TECHNICAL SPECIFICATIONS ── 

Maximum pressure: 5 bars (500 kPa) 
Max pressure for storage: 1 bar (100 kPa) 
Load capacity: 100 kg 
Speed limit: 70 km/h 
Recommended rim size: 3.00 B16 - 3.50 B16 
Electrical resistance: > 5 E+12 Ω 

 

 
── TIRE IDENTIFICATION (SIDEWALL MARKINGS) ── 

  

Manufacturing week/year : 
 

Only tires with above markings, manufactured in 2012, are certified conform to this datasheet. 

 

 
── TIRE DIMENSIONS ── 

 

TIRE SIZE DIMENSION 
Section width 

mm 
Overall Diameter 

mm 

95/80 R16 95 558 

Theoretical dimensions depending on pressure and rim 

 

 
── RIM DIMENSIONS ── 

 

 
RIM 

Contour 

DIMENSIONS (mm) 

A B G P H L Q R1 R2 ßβ D 

  
min max ±0,6 min. min. min. max. min. max. min. 

3.00 B 76 ±1 10 13 14,1 13 15 16 28 7,5 4,5 10° 405,6 

3.50 B 89 ±1 10 13 14,1 15 15 19 34 7,5 4,5 13° 405,6 

 

NOT FOR USE ON PUBLIC ROAD 
USE ON TRACK ONLY 

MAXIMUM PRESSURE 500 kPa (73 PSI) 
PRESSURE FOR STORAGE 100 kPa (15 PSI) 

WW12 FOR COMPETITION PURPOSE ONLY 
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Appendix R: Risk Assessment  
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Summary 

This project report describes the development of a test bench for verifying performance and reliability 

of the powertrain of a Shell Eco-Marathon vehicle.  

The main goal of during the development have been to simulate the inertia of the vehicle and the 

forces acting on a car while driving and to act as a load so that verification that the cars powertrains 

work as it should. Secondary goals have been to enable measurements of the vehicles efficiency and 

to work as a tool developing of future powertrains. 

The result is a test bench that could be classified as a Motor/Generator Inertia Dynamometer. It is 

controlled via Simulink and are collecting readings of speed, torque and motor/generator current at a 

rate of 100 samples per second. 

It is in the current setup used in combination with one of two identical and decoupled powertrains for 

the car and tuned to mimic half of the total vehicle mass by using a flywheel.  The motor/generator is 

simulating half the aerodynamic drag force, the rolling resistance and the bearing losses.  

Initial test also show that it has potential for measuring the efficiency of driving a simulated track and 

for mapping out efficiency of the vehicle at different speeds and propulsion torques. However, some 

more work is needed before this is doable.  

Sammendrag 

Denne prosjektrapporten beskriver utviklingen av en testbenk for å verifisere ytelse og pålitelighet for 

drivlinjen på en bil laget for deltagelse i Shell Eco-Marthon.  

Hovedmålet i utviklingsprosessen har vært å simulere en bilens treget og kreftene som virker på bilen 

under kjøring. Tilleggsmål har vært å gjøre det mulig å måle bilens effektivitet og støtte utvikling av 

fremtidige drivlinjer. 

Resultatet er en testbenk som kan klassifiseres som en «Motor/Generator Inertia Dynamometer». Den 

er kontrollerbar via Simulink og henter data om blant annet hastighet, moment og strøm som går i 

motor/generator. 

I det foreløpige oppsettet brukes den til å simulere en av to identiske, frakoplede drivlinjer og 

etterligner halve bilens treghet ved bruk av et svinghjul. Motoren simulerer halvparten av bilens 

luftmotstand, rullemotstand og kulelagertap.  

Foreløpige tester viser at den har potensiale to å måle effektivitet ved å simulere banekjøring og ved 

å måle effektivitet over ulike hastigheter og moment. For å få til dette må det noe mer arbeid til. 
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1 Introduction 
 

 

FIGURE 1-A DNV GL FUEL FIGHTER 4 AND THE 2017 TEAM DURING SHELL ECO MARATHON 2017 IN LONDON 

Shell Eco Marathon(SEM) is a competition that challenges students to design, build and compete with 

the energy-efficient vehicles. The race is about driving with least amount of energy for a given track 

within a given maximum time. The competition has been arranged annually as a student competition 

since 1985, where NTNU is participating for the 11.th time. The 2018 competition is going to be 

arranged from 3-5. July in London once again, but with a much flatter track than in 2017.  

There are two different classes in SEM called Prototype and Urban concept. The prototype class is all 

about the ultimate efficiency were the best cars are aerodynamic “capsules” where the driver is lying 

down while driving. The Urban Concept is more about making a small energy-efficient car meant as a 

future urban concept. This class has some dimensional rules like height and width and the cars also 

need to have wipers, light and space for a brief case. It’s also required to make a complete stop after 

each lap in this class. 

In addition, each class has three different energy categories: Battery electric, hydrogen and internal 

combustion engines. Each team are allowed only to have one car per class and category. In 2018 the 

team are only going to compete in urban concept with an improved version of the car DNV GL Fuel 

Fighter 4. 

 

This car was also first used the race in the 2017 competition and was built in one year. Unfortunately, 

due to too little time to test it and make the car reliable the car didn’t manage to get any valid attempts 

during the race. The two first runs because of mechanical parts loosened and in the latest attempt the 

motor controller shorted and destroyed the drivelines clutch because of too much current giving a 

higher torque than the clutch was rated for.  

For the team two years before that it didn’t go as planned either with a lot of problems with the 

powertrain. By reading the reports from previous years one thing becomes clear: Too little time for 

physical testing of the car is always an issue both for reliable mechanics and electronics of the car. And 



 

the powertrain is usually a problem in various ways. Examples of problems with the powertrain from 

later years is: 

• Not enough torque from the motor from stand still (2016) 

• Motor Controller failure under load (2017) 

• Change in bearings during the race due to optimistic gearing (2017) 

• Belts slipping (2015, 2016) 

Testing under real conditions is complex with the need of a drivable car, transportation to a track, and 

a lot of manpower. As the powertrain statistically has been one of the most troublesome parts and 

one of the hardest parts to test and measure under controlled environments, a strategy to test the 

powertrain more rapidly would benefit the development of the car. 

SCOPE 

The goal for the work described in this paper was to develop a test bench for the DNV GL Fuel Fighter 

4’s powertrain, where the primary goal has been to make a system that mimics real world driving 

condition as much as possible so that stress testing of motors, motor controller and the transmission 

is easily achievable. In this way the powertrain could be tested in more controlled environments with 

the possibility to visually see how the mechanics is behaving and the motor controller could be 

analyzed for example with an oscilloscope or heat camera to find problems in the design.    

Secondary goals are to be able to measure the systems efficiency with the same test bench and use 

the results for planning the driving strategy together. By adding everything in one solution it could be 

hard to get accurate enough results as the system would act as a black box where changing parameter 

could lead change other parameters.  

Finally, enabling using the test bench as a support for designing future powertrains and verifying that 

the new designs are efficient and reliable is a goal.  Hopefully the developed test bench could be great 

asset to verify and mitigate risk for the coming years of the project.  

To simulate the car, the test bench’s final design have a mounting frame for the powertrain with the 

ability to apply the same mass as the cars weight on that wheel down to a dynamo roller. The roller is 

connected to a flywheel which mimics the mass of the car and a motor/generator for simulating the 

other net forces working on the car. It also has a torque transducer connected to the axle and a speed 

sensor and software for controlling it. 

  



 

2 Risk management 
Most projects have a certain uncertainty which 

leads to a risk of something going wrong or things 

not working as planned. Especially for a project like 

building a one of a kind car for competing these 

uncertainties are inevitable. By trying to push the 

limits of what’s possible mechanical safety factors 

are kept low and components that are more 

efficient, but less reliable and proven 

chosen/designed. To deal with this the 

understanding of risk and how to reduce it is 

crucial.  

To estimate the probability of a risk happening two 

components should be measured: the undesirable 

consequence if the event if it occurs and the 

likelihood that the event occurs. (Walden et al., 

2015) There is no other way to eliminate risk could 

occur than to set the technical goals very low by 

using only failsafe parts which isn’t a choice to make a car that are supposed to be among the most 

efficient cars in its competition. However – reducing the probability of something happening by 

making a good risk management plan is needed. 

One easy way to reduce the consequence for our car to fail at the race is to design the car in such a 

way that it could be fixed during competition. This could be done by for example bringing spare parts, 

tools like lathes, glue and 3D printers for making better dimensioned parts and avoid risks that could 

potentially have horrible outcomes, like for example to small safety factors on the brakes. 

Likelihood could be expressed as a probability for an undesirable event happening. Therefore, 

mapping out and reducing the probability of an event could be a good way to allow risks with high 

consequences without having to have a high probability. It’s not always easy to map out the likelihood 

for components to fail before using them.  

Therefore, testing as a strategy in the product 

development to reduce likelihood before 

accepting a solution could clearly give results. 

For illustrating this problem looking at the Vee 

model(Figure 2-B) commonly used as in systems 

engineering (Walden et al., 2015) could be done. 

The Verification, integration and validation 

phases must be done in order to verify that the 

needs of the product is met.  

This usually leads to a incremental and iterative 

development where problems are fixed by going 

back as shown with the horizontal arrows and 

change the requirements, design and 

specifications to meet the needs and there by an 

accept with a acceptable risk. 

 
FIGURE 2-A RISK LEVEL DEPENDS ON BOTH 

LIKELIHOOD  
AND CONSEQUENCE (WALDEN ET AL., 2015) 

 

 
FIGURE 2-B THE VEE MODEL 



 

3 Physics 
3.1 Forces acting on the car 

 

FIGURE 3-A FORCES ON A CAR  (MICHELIN, 2017) 

It’s important to know the forces acting on our car to know how much the test bench should brake 

the driveline at different speeds and simulated elevations.  

The total forces working on the car could be simplified to (Ward et al., 2015): 

∑ 𝐹 = 𝐹𝑅 + 𝐹𝐷 + 𝐹𝐺 + 𝐹𝐼 + 𝐹𝑃 + 𝐹𝐵 

 

(3.1) 

Where: 

𝐹𝑅 Rolling resistance 

𝐹𝐷 Aerodynamic drag 

𝐹𝐺 Gravity forces in slopes 

𝐹𝐼 Inertia forces 

𝐹𝑃 Forces from powertrain (battery to road) 

𝐹𝐵 Bearing losses 

 

3.1.1  Rolling resistance (𝐹𝑅) 

 

 Rolling resistance is mainly caused by hysteresis in the rubber where the tire deflects and doesn’t 

recover it’s energy totally. This viscoelastic behavior causes a different pressure (Figure 3-B) 

distribution on each side of the vertical line of the wheel. This pressure distribution causes a backward 

working momentum which brakes the car. 

 
FIGURE 3-B DIFFERENT PRESSURE IN DIFFERENT AREAS IN THE WHEEL SOURCE: WIKIPEDIA.COM 



 

 

 

The usual formula for calculating the rolling 

resistance force is 𝐹𝑟 = 𝐶𝑟𝑟 ∗ 𝑁    (Michelin, 

2017), where N is the normal force 𝑁 = 𝑚 ∗ 𝑔 

and 𝐶𝑟𝑟 is a unitless coefficient for the tire. This 

means that the retarding force could be 

considered constant at different speeds. 

However, the force is usually increasing caused 

by acceleration since the rubber is deforming 

more therefore breaking more because of 

rubbers viscoelastic behavior. 

The rolling coefficient is usually measured by a 

the  “force -torque” method (Figure 3-C) where 

a tire is rolling at a roller while the normal force 

is simulated by applying a force towards the 

center of the roller and a motor with torque 

readings read the torque required to maintain a 

constant speed. (MTS Systems, 2017)  

Some regular numbers for the rolling coefficient is shown in Table 1 were our car have the most 

efficient wheel I could find data for. It’s more efficient than for example the lowest measured racing 

bike tire (Vittoria Corsa Speed) resistance according to bicyclerollingresistance.com 

TABLE 1 ROLLING RESISTANCE FOR DIFFERENT TYPES OF TIRES 

Schwalbe Marathon (Efficient e-bike tire) 0.00474 

Michelin Energy Saver Plus (Efficient car tire) 0.08 

Michelin Urban Concept Tire 0.0013 

Vittoria Corsa Speed (High end racing bike tire) 0.00231 

Data from (bicyclerollingresistance.com, 2017), (Bierman, 2017) and (Michelin, 2017) 

3.1.2 Aerodynamic drag (𝐹𝐷) 
In regular cars the aerodynamic drag force is usually the most dominant force working in highway 

speeds. (Michelin, 2017) The formula for aerodynamic drag is: 

𝐹𝐷 =
1

2
𝜌𝑎𝑖𝑟𝐶𝐷𝐴𝑣2 

Where 𝜌 is air density, 𝐶𝐷 is the drag coefficient, 𝐴 is the frontal area of the car and 𝑣 is the vehicle 

speed.  

Most of the cars in the Shell Eco Marathon Urban Concept class is made to minimize the effect of the 

aerodynamic drag. To achieve a good aerodynamic form a minimization of frontal area combined with 

a drop like aerodynamic shape is wanted.  

 
FIGURE 3-C ROLLING RESISTANCE TEST MACHINE 

 (MTS SYSTEMS, 2017) 
 



 

3.1.3 Inertia Forces(𝐹𝐼) 
Inertia is the resistance of a physical object to change it’s state of motion. For our car there is three 

major inertia forces: 

• Linear inertia from accelerating the mass of the car 

• Rotational inertia from spinning up the wheels 

• Cornering inertia from changing the cars direction 

Since the cornering forces are acting perpendicular to the driving directions and the steering frictional 

isn’t easily calculated or physically simulated the cornering forces aren’t considered for making of the 

test bench. Linear and rotational inertia however are important to simulate what happens when the 

car accelerates. The formulas for linear and rotational inertia forces are: 

Linear inertia  𝐹 = 𝑚𝑎  

Rotational inertia 𝜏 =  𝐼α  

Rewriting these two formulas give the total inertia force of the car: 

𝐹𝐼 = (𝑚 +
𝐼𝑤

𝑟𝑤
) 𝑣̇ 

Since the work from 𝐹𝐼 are speed dependent they aren’t a huge factor in low speeds where we need 

similar behavior. The “build up” of kinetic energy change speed through  𝐹𝑙𝑎 𝑎𝑛𝑑 𝐹𝑟𝑎 however are 

major forces at low speed with high acceleration.    

It’s worth noting that if a change in inertia also changes speed and that the energy added to change 

the speed (overcoming inertia) could be described as kinetic energy. 

3.1.4 Gravity (𝐹G)  
 

 

FIGURE 3-D GRAVITY FORCES (ANTONNINE EDUACTION, 2018) 

When driving uphill/downhill gravity forces the car backwards. By decomposing the gravity force 

relative to cars angle θ as in Figure 3-D the gravity force opposing the cars motion can described as: 

𝐹𝐺 = 𝑚𝑔 sin θ 

Since a movement in the gravitational field also causes a change in the potential energy, driving uphill 

stores energy as potential energy given back when driving downhill to the same height as started.   

3.1.5 Bearing losses (𝐹𝐵) 
According to SKFs paper “The SKF model for calculating the frictional moment” (SKF, 2017) the 

calculation of total frictional moment of a bearing is complicated as the result is depending on many 

factors. They state that the total bearing moment (𝑀) is: 



 

𝑀 = 𝑀𝑟𝑟 + 𝑀𝑠𝑙 + 𝑀𝑠𝑒𝑎𝑙 +𝑀𝑑𝑟𝑎𝑔  

where: 

𝑀𝑟𝑟  The rolling frictional moment, and includes effects of lubricant starvation and inlet 
shear heating 

𝑀𝑠𝑙  The sliding frictional moment, and includes the effects of the quality of lubrication 
conditions  

𝑀𝑠𝑒𝑎𝑙  The frictional moment from integral seals 
Where bearings are fitted with contact seals, the frictional losses from the seals 
may exceed those generated in the bearing. 

𝑀𝑑𝑟𝑎𝑔  The frictional moment from drag losses, churning, splashing, etc., in an oil bath 

 

Some of these moments are quite hard to calculate and factors such as temperature, how much worn 

the bearings are and speed affect the resulting moment. Therefore, it’s hard to calculate the correct 

losses due to bearing losses. However, tools like SKFs bearing calculator gives an indication of how big 

the losses are. 

But, if done right the bearing losses should be much lower than for example the losses from the tire. 

The book The World's Most Fuel Efficient Vehicle: Design and Development of Pac Car II  (Santin, 2007) 

states that if deep grove bearings or angular contact bearings are used the bearing losses should be 

at least 100 times lower than the rolling forces in a SEM prototype vehicle.  

3.1.6 Speed dependent net forces calculated 
 

TABLE 2   (CARLSEN AND OMA, 2017), (MICHELIN, 2017) 

Calculated Drag Coefficient (Cd) 0.138  

Frontal Area 0.882𝑚2  

Rolling coefficient (Crr) 0.0013 

Mass of Car 95 kg 

Drivers Minimum Weight 70 kg 

Total mass (m) 165 kg 

Rotational Inertia of rim + tire (Iw) 0.204 

 

To calculate net forces for our car the formulas above, SFKs bearing calculator and the cars 

characteristics given in Table 2 were used. By using assuming acceleration and height gradient is zero 

( 𝑎 = θ = 0 ) the results are (Figure 3-E The cars calculated net forces): 



 

 

FIGURE 3-E THE CARS CALCULATED NET FORCES 

3.2 Physics for the test bench (Inertia Dynamometer) 
It’s important to find a way to find a way to simulate the cars inertia if one want to have a realistic 

way to mimic accelerating on a test bench. According to work done by (Ward et al., 2015) on how to 

simulate this force a flywheel tuned with the correct rotational speed and inertia to get the same 

inertia as the car. To tune the parameters kinetic energy of the car  

By assuming that a car drives straight flat forward without any losses (from rolling, drag, bearings etc.) 

it could be considered the work done by the powertrain is conserved as kinetic energy. This energy is 

caused by the change in inertia could be described as:  

The formula for the kinetic energy of the car (𝐸𝑘𝑏) is: 

𝐸𝑘_𝑐𝑎𝑟 = 1
2⁄ 𝑚𝑣2 + 4 ∗ 1

2⁄ 𝐼ℎ𝜔ℎ
2 

Where m is the mass of the car and driver combined and 𝐼ℎ is the inertia of each of the four wheels.  

By trying to simulate this behavior on the test bench one must simulate the inertia to get the same 

behavior while acceleration.  

The formula for storing this energy in a flywheel (F) is: 

𝐸𝑘 = 1
2⁄ 𝐼𝑓𝜔𝑓

2 

And by also considering inertia of a point mass being: 

𝐼 = 𝑚𝑟2 

It’s easy to see that to increase inertia it’s more efficient to double the radius of the flywheel than to 

add mass since mass is linear and distance from mass center is quadratic. Furthermore, it’s more 

efficient to rotate a freewheel faster for the same reason.  



 

 

FIGURE 3-F THE TEST RIGS ROTATIONAL PARTS 

By also introducing a roller (R) and a geared drive like in between each subsystem we get the energy 

storage: 

Ek_testbench= 1
2⁄ IFωF

2 + 1
2⁄ 𝐼𝑅ω𝑅

2  

Where the angular speed of the roller equals the peripheral speed (speed of wheel/car) divided by the 

radius of the roller.  

ω𝑅 = 𝑣/𝑟𝑅 

Since the roller is geared belt pulleys (n) in a belt driven system angular speed of the flywheel is bigger 

than the rollers angular speed: 

ω𝐹 =
𝑛𝑅

𝑛𝐹
∗ ω𝑅 

Since the powertrain of the car is equal on both sides with no coupling and a separate motor one could 

simulate half the car and remove the inertia of the back wheel as this is spinning and therefore not 

needed, giving the energy formulas for simulating cars mass: 

1
4⁄ 𝑚𝑣2 + 1

2⁄ 𝐼𝐻𝜔𝐻
2 = 1

2⁄ I𝐹ωF
2 + 1

2⁄ 𝐼𝑅ω𝑅
2  

Where the formula can be simplified, and by cancelling speed could be canceled: 

1

2
𝑚 +

𝐼𝐻

𝑟𝐻
2 = 𝐼𝑅/𝑟𝑅

2 +
𝑛𝑅

𝑛𝐹

𝐼𝐹

𝑟𝑅
2 

 



 

From here it’s easy to tweak the parameters to fit the cars mass which is what’s needed in combination 

with a way to simulate the other losses witch all are speed dependent or depending on the hills angle. 

By using the flywheel, considering a way to simulate the rest forces working on acting the car is needed 

which is usually done in a few different ways according to the Wikipedia article (“Dynamometer,” 

2017): 

• Eddy current or electromagnetic brake (absorption only) 

• Magnetic powder brake (absorption only) 

• Hysteresis brake (absorption only) 

• Electric motor/generator (absorb or drive) 

• Fan brake (absorption only) 

• Hydraulic brake (absorption only) 

• Force lubricated, oil shear friction brake (absorption only) 

• Water brake (absorption only) 

• Compound dyno (usually an absorption dyno in tandem with an electric/motoring dyno) 

With a goal to simulate the track and thereby gravity forces caused downhill driving the test bench 

must supply energy (drive) if this force makes the cars net force moving forward. As this were the case 

for the 2017 track this left only one possibility: adding a motor/generator and herby making a inertia 

based drive. If needed in order to brake enough a compound based generator should also be 

considered by adding a absorption type brake.  

3.3 Estimate for energy consumption 
 

Length per lap 970 meters 

Total change in elevation 2 meters 

Laps to complete 15 

Max time 35 minutes 

Competition Rules • Must come to a complete stop each lap 
• Not allowed with more than a 1000Wh battery 

 

Estimating the power consumption per lap is a hard task where you need know a lot data for the car 

to get accurate numbers. Some of these numbers were calculated by the previous team and given by 

manufacturers, while other need to be measured to calculate them.  

As we were given the track profile and the track almost flat with only two meters change in elevation 

from lowest to highest point the effects of hill climbing haven’t been assumed neglectable. Another 

aspect that hasn’t been dealt with the cornering losses, as these are time consuming and hard to 

calculate. As we don’t know how sharp turns we need to take it’s also been assumed that the car is 

able to drive at full speed during the whole track, the case was for last year’s track. With these 

simplifications, the main forces working on acting on the car could be considered: 

• Rolling resistance (FR) 

• Aerodynamic drag (FD) 

• Inertia Forces(FI) 



 

• Bearing losses (FB) 

 

FIGURE 3-G SEPARATING INTO THE THREE PHASES PER PLAP: ACCELERATION(I),  
CONSTANT SPEED(II) AND DEACCELERATING(III) 

By knowing that driving slow and finishing just in time is better for saving power as this minimalize the 

total work overcoming the drag force on could say that keeping constant speed (phase II) for most of 

the race. This makes it beneficial to divide driving into three phases as listed Figure 3-G. 

3.3.1 Is regenerative breaking beneficial? 
Regenerative braking wasn’t a priority last year for multiple reasons: 

• Harder to make a motor controller supporting two quadrant operations 

• A regular clutch must be made (not one-way clutch bearing as current powertrain) Power loss 

when car is moving with motor connected and belts moving  

• Time limits and limited time for testing made the 

As the track have changed from 1659 meters to 970 meters and the track this year is flatter so natural 

braking would take longer time an estimate on whether regenerative braking would be beneficial 

would give a benefit was needed. 

To calculate a “best case” scenario in terms of reaching a speed 𝑣𝑡𝑎𝑟𝑔𝑒𝑡  close to 𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒  the 

efficiency of the cars powertrain is assumed  𝜂𝑑𝑟𝑖𝑣𝑒𝑙𝑖𝑛𝑒 = 100%  and acceleration is assumed to 

happen suddenly. It’s also assumed that braking is happening suddenly, which could be worse than 

naturally slowing down. The 𝜂𝑅𝑒𝑔𝑒𝑛 determines how much of the energy could be converted back to 

energy in the battery. Our current car doesn’t support regenerative braking and therefore have a 

𝜂𝑅𝑒𝑔𝑒𝑛 = 0% 

𝑣𝑡𝑎𝑟𝑔𝑒𝑡 ≈ 𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
15 ∗ 970m

35min ∗ 60s/min
= 6.93m/s  

𝑊𝑙𝑎𝑝 = 𝑊𝑝ℎ𝑎𝑠𝑒 1 + 𝑊𝑝ℎ𝑎𝑠𝑒 2 + 𝑊𝑝ℎ𝑎𝑠𝑒 3 

 𝐹𝑡𝑜𝑡(𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒) = 9.365𝑁 

 𝜼𝒓𝒆𝒈𝒆𝒏 = 0% 𝜼𝒓𝒆𝒈𝒆𝒏 = 100% 

𝑾𝒑𝒉𝒂𝒔𝒆 𝟏 =  𝜂𝑑𝑟𝑖𝑣𝑒𝑙𝑖𝑛𝑒 ∗
1

2
𝑚𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒,

2  
3960.4J 3960.4J 

𝑾𝒑𝒉𝒂𝒔𝒆 𝟐 =  𝐹𝑡𝑜𝑡,𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒
⋅ 𝑙𝑡𝑟𝑎𝑐𝑘 9084.1J 9084.1J 

𝑾𝒑𝒉𝒂𝒔𝒆 𝟑 =  − 𝜂𝑟𝑒𝑔𝑒𝑛 ∗
1

2
𝑚𝑣𝑎𝑣𝑒𝑟𝑎𝑔𝑒

2  
0 -3960.4J 

𝑾𝒍𝒂𝒑 𝟏𝟑 𝟎𝟒𝟒. 𝟓𝐉 (267.7 km/kwh) 𝟗𝟎𝟖𝟒. 𝟏𝐉  (384.4km/kwh)  

 

 
 
 
 
 

    

 
      

 
       

     



 

By using this simple model regenerative braking would give us about 30% lower energy use per lap. If 

we are only able to half or less of this energy back, it would still be beneficial to include regen if it’s 

done in a good way. 

3.3.2 Verification of the different phases 
An inertia based motor/generator dynamometer could be used to verify that the behaves as it should 

under load the test in many ways.  

ACCELERATION 

The fact that the inertia is tuned to mimic the cars inertia the test bench for the acceleration phase 

which have caused problems the two last years could easily be simulated Figure 3-G. The same goes 

for the deaccelerating phase if regenerative braking is going to be tested. 

DRIVING 

By also simulating the cars forces at the current speed and a set any driving conditions could be tested. 

Lastly the track data (elevation per position) combined with measurement of makes it possible to 

simulate the track. 

QUASI-STATIC (CONSTANT SPEED) 

By going one step back and not trying to simulate the forces due to change in inertia but rather 

constant speed efficiency calculations get easier. 

By measuring the electrical energy drawn from the battery and the mechanical energy one gets the 

efficiency of the power conversion: 

𝜂 =
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
=

𝜏𝜔

𝑈𝐼
=

𝐹𝑣

𝑈𝐼
 

This is a very powerful tool and commonly used in dynamometers being able to keep constant 

speed. An example for this used for measuring a DC motor at different speeds and torques is shown 

in system is in shown in Figure 3-H. Calculations of a more efficient acceleration efficient 

acceleration and a pulse and glide strategy where ideal torque is applied to accelerate to a certain 

speed and motor then disconnected till a lower speed limit repeats the process. 

 

FIGURE 3-H ISO-EFFICIENCY PLOT, MEASURED BY A DYNAMOMETER  
WITH A TORQUE TRANSDUCER (POON ET AL., 2015)  



 

4 Development 
4.1 Requirements 
To develop the test bench, the requirements/priorities of the system were made in collaboration with 

the person in charge of motor controller development and by separating needs from musts. As top 

priority for the test bench is to support development of motor controller, powertrain and to stress 

test the whole powertrain an incremental approach for the building were enabling more functionality 

after knowing that the rig was able to do its job was chosen. A main goal was to get a modular frame 

ready as early as possible testing of both the test bench and powertrain.  

MUST 

• Apply variable braking of the powertrain 

• Simulate inertia of the car 

• Show speed 

• Be available for use early in the project as a support to motor controller development 

• Modular, to enable adding “Should” to the test bench 

• Be ready for testing as fast as possible 

SHOULD 

• Measure accurately 

• Correct load relative to car 

• Correct weight  

• Enable physical simulation of track 

• Measure torque 

• Reusable – possible to use with a different car or configuration  

• Be able to simulate two drivelines or car 

4.2 Modular design 
To design the system a CAD model was made in NX, where the initial concept with a roller and a 

flywheel connected with belts was fitted into a square frame to some initial dimensions. As we had a 

HBM T22 20Nm torque transducer, this was also added in the CAD. The reason for adding it before 

the belts is that it’s hard to calculate power loss in the belts and because the torque meter was able 

to measure quite high torques. 

15mm wide synchronous belts of type Gates HTD 5M were chosen for a few reasons: 

• Efficient and strong, up to 99% efficient and up to 10kW power according to(Gates Corp., 

2018) 

• Easy to do modular design with as a change in belt length is enough to make the center 

distance  

• These belts have been used many of the previous cars with success and therefore we already 

had some belts and pulleys  

In collaboration with the realization lab at MTP and Trondheim Staal a strategy for making the main 

parts were made. Since the goal was to get the parts ready as fast as possible laser cutting with steel 

of all circular and square plates were chosen together with use of the modular Bosch Rexroth system 

and timing belts that allow easy re-gearing of the system. 

For braking/applying force a motor was added in the CAD concept. In case we wouldn’t be able to 

control the torque in a good way with a motor the possibility to add a  Eddy current brake to the 



 

flywheel or a Prony brake was held open by the square design combined with possibility to add longer 

axles.  

A over dimensioned 20 mm high precision steel rod with only +/- 0.01 mm dimensional error was 

chosen for all rotating axes. This made it more flexible to change parts and easier to get bearings since 

it only had to be one dimension without the need to machine the rod. Another bonus was that the 

connectors for the torque meter was easier to mount since their mounting couplings were also 20mm 

in diameter.  

               

FIGURE 4-A THE FINAL CAD MODEL 

The finalized CAD file after a few iterations could be seen in Figure 4-A The final CAD modelFigure 4-A 

with a few remarks:  

1. Belt length calculations is simple by using NXs curve length function 

2. Modeling side walls is easier with a cad in the correct dimension 

3. The axle from the test rig was longer on purpose for possibility to add a second roller for 

simulating the whole car or to test different designs for belts etc. 

4.3 The main frame 
To keep the system as modular as possible aluminum profiles from the Bosch Rexroth in a large 

dimension (45x45 mm) were chosen. The benefits of these profiles are that they have a slot in each 

side wall with possibility to mount things with specially made nuts (t-nuts) and screws. There is also a 

lot of other parts that could be fitted. These rails also simplify the use of plates connected to the 

system as it’s easy to mount them on the rails by adding screw holes where needed. The choice of a 

relatively huge dimension was done to ensure a stiff system. 

2 

1 3 



 

       

FIGURE 4-B THE ALUMINUM PROFILES ENABLES A MODULE BASED DESIGN 

The lengths of the profiles were measured in NX and a workshop at NTNU specifying on making racks 

with these profiles cut the profiles to the correct length. 

4.4 Rapid production of the plates 
 

 

FIGURE 4-C THE PLATES FROM FOR THE TEST BENCH. FROM LEFT TO RIGHT: FLYWHEEL WALL (X2), ROLLER/TORQUE 

TRANSDUCER WALL (X3), MOTOR MOUNT FOR MAXON EC60 (X1), FLYWHEEL (X2) AND ROLLER WALL (X2) 

To get the plates in the CAD drawings (Figure 4-C) realized a production method had to be chosen. 

Two alternatives were considered, CNC milling the plates or Laser cutting them. For CNC-milling the 

plates a lot of manual work had to be done, which is a time-consuming task. However, the precision 

from CNC-milling is higher than for laser cutting and a CNC mill enables a 2.5D or 3D design. Laser 

cutting is much faster as it doesn’t require any setups other than placing the plate in the Laser Cutter 

and all parts would then be cut in one operation in a matter of minutes. Since the amount of work of 

making 10 different pieces with 5 different designs by milling would be time demanding and still 

require some lathing to get the circles of the flywheel correct, and since Trondheim Staal offered to 

sponsor the plate making laser cutting were chosen. 

According to Trondheim Staal there was a few things to take into consideration to get good results: 

• Laser cutting in general isn’t very precise. Their machine had a +/- 0.2 mm accuracy 

• Threading holes made by laser cutting isn’t a good idea as the walls get locally hardened 

because of the heat 

• Plates tends to bend after cutting caused by different internal stresses in the plate. 



 

To keep the material cost and weight down the SSAB Laser S355MC plus steel plates made for laser 

cutting with a thickness of 5mm were chosen. These plates are made by hot rolling steel with low 

internal stresses are kept to a minimum and would therefore not bend that much caused by a different 

geometry. They are also cheap, relatively strong with a yield strength of minimum 355 MPa and were 

in stock at Trondheim Staal. 

To handle the loss in precision bearing housings (NSK LFTC20) were chosen to be screwed into the 

roller/torque transducer wall and the flywheel plate instead of press fitting bearings into the holes 

which couldn’t be made with the required tolerance for bearings. For this design to work the holes 

that holds the bearing housings was only engraved with crosses to show where to drill the holes which 

needed threads to hold the housing in place. 

Lastly the inner and outer circle of the flywheel and the roller was with 2mm extra material which 

were then were removed in the lathe to get a good fit to the axles and to the walls of the roller. The 

reason for doing it this way was to remove any possibility of the center of the rotating parts and the 

axle being misaligned so that vibrations in the system would occur.  

 

FIGURE 4-D THE PLATES READY FOR ASSEMBLY WITH THE MAIN FRAME IN THE BACKGROUND 

4.5 The Roller 
The roller acts as a simplification of the road. Ideally, this roller should be as big as possible to get a 

almost flat track to drive, like the ISO approved roller bench in Figure 3-C but several reasons the roller 

was chosen to be smaller: 

• Lathe in the workshops at NTNU doesn’t handle to big tubes 

• SINTEF gave us a 250mm dimension steel oil tube with 10mm walls used in fatigue testing (not 

the fractured part of the tube) 

• Lower diameter means higher rotational speed for the roller axle which means less need for 

high gearing ratio to get a fast spinning flywheel 

To produce the roller the tube was first mounted on the lathe and rounded on the inside. Then the 

roller walls made by Trondheim Staal was lathed to fit the tube and the axle tightly. Then the axle and 

tube were spot welded to make sure the roller became rigid. This ensured that the center of the tube 

and axle was in the same rotational axis. Finally, the outer wall was rounded.  



 

Unfortunally the tube we got had really bad tolerances needed to be cut 2-3 mm on the inside and 

outside make it round, not oval. The lathe wasn’t big enough for the tool post and crosslide to get 

under the tube either. Therefore the production of lathe had to be run in reverse with the tool running 

with a long arm. This caused some vibrations in the tool and made the outer surface of the roller a bit 

rougher than planned.  

 

FIGURE 4-E THE ROLLER WELDED AND IN THE LATHE 

4.6 Powertrain mounting frame 
To mount the powertrain to the test bench a frame for mounting was needed. The requirements for 

this frame was as following: 

• Apply force / weight to hold the power train on the roller – preferably easy to adjust weight 

• Be flexible enough to accept a small variation in the wheels geometry 

• Hold the powertrain safely in its mounting points 

• Know downforce from wheel to roller 

• Mountable to the rails in the Rexroth sytem 

A few different solutions were considered to satisfying the requirements: 

Alternative 1 
 

 

 
 
Mount drivetrain like it’s mounted in the car but with a 
load cell to measure downward force and a screw 
mechanism to apply weight through the loadcell 
 

PROS 

• Easy to apply different loads 

CONS 

• Tire not perfectly round – will cause a 
difference in load because of the stiffness of 
the system 

• Need to add a loadcell and read it 



 

Alternative 2 
 

 

Weight in combination with the two bottom mounts on 
the drivetrain mounted to the rig.  
 

PROS 

• Doesn’t need to compensate for wheel being 
oval 

• Could physically see how much weight that has 
been applied 

CONS 

• Need to add a weight holder close to the wheel 
axle 

• Need a lot of mass to simulate the cars pressure 
to the  

• Could cause damage to the driveline – not 
simulated for holding weights 

 

To know how much weight was needed for the car an assumption that each wheel of the car holds the 

same weight was taken. Based on this assumption the normal force working on the wheel would be: 

𝑁 =
70𝑘𝑔 + 95𝑘𝑔

4
∗ 9.81 = 420𝑁 

As mounting almost 45 kg of weight on the fragile driveline 

with very thin aluminum walls as in alternative 1 could be 

risky and bulky alternative 2  was chosen. In order to know 

how much weight the driveline needed to be pushed down 

with some calculations had to be done. For simplifying the  

calculations and loading the driveline as it’s designed to be 

loaded the angle 𝜃  was chosen to be tangential to the 

rotation point B. As both 𝑁  and 𝐹𝐴  is tangential on the 

rotation point the factor between  them is: 

𝐹𝐴 =
𝑟𝑁

𝑟𝐴
∗ 𝑁 = 1.42 ∗ 𝑁 

For making the frame in square tubes of S235 steel in 

20mm with 2mm wall thickness for the frame and 

25mm with 3mm wall thickness for the load cell 

holder was chosen and the frame drawn in NX.  

The S 235 quality was assumed a good choice. 

Reasons for this was: 

• Weight not critical 

• Easy to work with and to weld 

• In stock at the Realization Lab 

• S235 is a quite ductile alloy compared to 

higher strength steel (Hechler et al., 2015) 

meaning It would most likely bend rather than 

snap (brittle failiure) if to much force is used for 

holding the powertrain to the roller (Figure 4-G) 

FIGURE 4-G DIFFERENT STEEL ALLOYS   (HECHLER 

ET AL., 2015) 

FIGURE 4-F FORCES 



 

 

Since flexibility and safety was most important a finite element analysis (FEA) of the system was done 

in Siemens NX 11. The mesh chosen was TETRA10 with two elements in the thickness and a fine mesh. 

A fine mesh with tetraeder elements aren’t the most computunal efficent way to calculate thin walls, 

but should give just as good results if done right with a small enough mesh size (Wang et al., 2004). In 

total it  saves a lot of time using TETRA 10, because it’s easier to mesh on a complicated geometry. 

The two goals from was to make sure that the frame would hold the load and that the frame wouldn’t 

be to stiff to accept a small ovalities in the tire. By looking at the results  one could see that the 

maximum load on the load cell holding tube is 93 MPa and that the small 20mm tubes making the rest 

of the frame is only loaded to about 80 MPa. This gives a yield safety factor of 2.5 wich gives a bit of 

room in case we want to test higher loads. 

 

FIGURE 4-I THE FINITE ELEMENT MODEL AND ITS RESULTS 

   

FIGURE 4-H FEA RESULTS - MAXIMUM VON MISES STRESS (MPA) 

 

 



 

Maximum displacement happens where the load cell will be fastened and is 3.12 for the load case. By 

assuming small deformations, one could also linearize the displacement and know how much a 

difference in radius of the wheel will add in force to the measurement in the load cell: 

𝐹𝑙𝑜𝑎𝑑𝑐𝑒𝑙𝑙/Δ𝑟𝑤ℎ𝑒𝑒𝑙 =
420𝑁

3.12𝑚𝑚 ⋅ 1.41
= 95.5𝑁/𝑚𝑚  

(4.1) 

  

4.7 Simulating the inertia forces 
To simulate the inertia forces of the car and the energy from accelerating the cars mass a few different 

choices were considered: 



 

1. MOTOR/GENERATOR TO SIMULATE MASS 
ACCELERATION 
 

 
 

 
 
Pros: 

• Simple system 

• Lightweight 
Cons: 

• Accurate control needed 

• Control of motors in low speed was a 
problem for last team 

• Manufacturability 

• Withstand rotational forces 

• Weight 

• Enough inertia 

• Scalability – change mass of the car 
 

2. FLYWHEEL ON ROLLER AXLE 

 

 
 
Pros: 

• Simulates weight if flywheel mass is tuned 
correctly 

• Simple, mechanical design 
Cons: 

• Need a lot of inertia due to low rotation 
speed 
 

3.FLYWHEEL ON SEPARATED GEARED AXLE 
FROM ROLLER 

 

 
 
Pros: 

• Simulates weight if flywheel mass is tuned 

correctly 

• Utilizes gearing and higher rotational 
speed to get more energy stored in the 
same inertia mass 

Cons: 

• More complex, need belts, chain or gears 

Since option 1 needs really good motor control algorithm and accurate real time acceleration and no 

good sources on how to make one was found, to add actual inertia was the only option left.  

By assuming that gearing from the roller was 3.3:1 and keeping the wish of producing the geometry 

of the freewheel as described in sub chapter 4.4 the flywheel would have needed to be 3.32 ≈ 11 

times thicker than as of now (10 mm) in option 2 resulting in a weight of  5.9 ∗ 11 =  65 kg Option 3 

were therefore selected.  

A final element model for the rotational moment was conducted to verify that high rotational speeds 

the geometry were ok (Figure 4-J). The results showed that 5000 RPM made a maximum Von Mises 

stress of 135MPa, giving a safety factor of more than 2 for at this rotational speed. This means that a 

speed of 85 km/h should have this safety factor with the current gearing which were considered 



 

satisfying. Appendix C shows Excel calculations for tuning the inertia in addition to inertia and mass 

calculations of the freewheel. 

 

 

 

FIGURE 4-J FINITE ELEMENT MODEL OF THE FREEWHEEL 

  



 

4.8 The Electronics 
Variable braking and speed readings were considered a “must” in the design requirements and torque 

and simulating the track with the test bench was considered as “should”. To solve these requirements 

a strategy for controlling variable braking/accelerating of data acquisition had to be made. Since the 

team already had quite a few components, reuse of some of the parts were added early in the concept 

phase. The final flow chart of the components could be seen in Figure 4-K followed by a description of 

the subsystems. 

 

FIGURE 4-K FLOW CHART OF THE ELECTRONICS 

4.8.1 Components used for variable braking/accelerating 
MOTOR CONTROLLER - VESC 

This motor controller is a open source project by Benjamin Vedder initially meant for 

Skateboards(Vedder, 2015). It supports four quadrant operation of brushless DC(BLDC) motors which 

means it could both brake and accelerate the test rig. It also support advanced field oriented control 

which reduces torque ripple compared to simpler control algorithms for BLDC motors (Cravotta, 2011) 

Possibility to set a motor current target (PID controlled) makes it ideal for fine adjusting the test bench 

brake characteristics. Since motor current (I) and output torque (M) is (almost) proportional 

calculations of how much torque the motor delivers is easy by using the formula sheet given by Maxon 

(Maxon Motor, 2014): 

𝑀 = 𝑘𝑚 ⋅ 𝐼 

With a real time, plugin library that communicates via USB with Simulink a lot of parameters could be 

set and read while, enabling easy use of real time simulations with Simulink. 

MOTOR/GENERATOR – MAXON EC60 

A Maxon EC60 BLDC motor have been used for propulsion of many of the older DNV GL Fuel Fighter 

cars and we still had two lying around unused. As this motor is highly efficient, have a higher power 

rating than the one on the existing powertrain (400 watts vs A Maxon RE50 200 watts) and low torque 

ripple(Maxon Motor, 2014) it was considered strong enough and used.  

SPEED ENCODER – AMT 102-V 

At the beginning the test bench was run sensor less witch the VESC supports by reading speed 

analyzing the back-EMF of the motor. However, as this gave choppy control and bad speed estimates 

                   

                    

                

       

                   

                  

              

              

                

      

             

        

             

               

                 

              

            

              

          



 

at low speed, a Rotary encoder was added. The choice fell on a AMT 102-V optical rotary encoder with 

2048 readings per revolution as Benjamin Vedder had a video tutorial explaining how to implement it 

to the VESC (Vedder, Benjamin, 2016). In addition to giving smooth control at slow speeds it also gave 

a about 20 000 incremental reading points with the test bench gearing, meaning that a forward motion 

of the powertrain could be detected in less than 0.1 mm steps. 

4.8.2 Data acquisition 
SENSORS 

A HBM T22 Torque Transducer rated to 20Nm with a maximum error of 0.5% in the readings were 

used for torque readings. Unfortunately, this only have a speed read out needed to calculate the 

power, but as this is the most expensive component in the test rig and we already had one switching 

it was no option. 

For measuring how much force the powertrain would be held down with a old U2 type 

tension/compression load cell rated at 500 kg. As this was more than 25 years old (from Western 

Germany) no datasheet were found. Therefore, it was verified to read the correct value by calibrating 

it by weighing items with known weights. 

ELECTRONICS 

To read the sensor data a Sparkfun Pro Micro 5V was used. This micro controller board supports 

programming through the Arduino software which were preferred by the author as a fast way to read 

sensor data.  

To get enough precision on the sensor readings a Sparkfun 

HX711 24 bit load cell amplifier break out board and a 

Adafruit INA219 16 bit current reading break out board were 

chosen. These in combination with the Arduino libraries for 

supplied by the manufactures made it easy to make a code to 

send data through the Arduinos USB (APPENDIX E).  

4.8.3 Control Center - Simulink 
To make it convenient to control the system a control center 

was made where setting control mode of the 

motor/generator is possible. Visual indicators for sensor 

readings the results can also be seen on the screen in addition 

to being sampled 100 times per second from the Arduino 

board and the VESC. A screenshot from the Simulink Dashboard 

is shown in Figure 4-M.  The rest of Simulink Model is shown in 

Appendix E and the Arduino Code in Appendix F.  

 

FIGURE 4-M DASHBOARD FOR CONTROLLING THE TEST RIG 

FIGURE 4-L INPUTS AND OUTPUTS   
IN SIMULINK 



 

5 Results and Discussion 
5.1 The effect of a not slightly oval tire 

 

FIGURE 5-A USING DIAL INDICATOR TO MEASURE DISPLACEMENT 

One noticeable problem with the test bench was that the wheels radius wasn’t constant which caused 

the test bench’s loadcell holder to move quite a lot during testing of the powertrain. To verify that the 

FEA calculations done to make the load cell holders displacement calculations were correct and to 

assure that the load wasn’t to high to make any plastic deformation measurements had to be taken. 

The actual displacement of the wheel center was measured by using a dial indicator in the center 

between the rotation point where the power train is fastened and the wheel axle since it was hard to 

place the dial indicator closer to the wheel center. By doing it this way the formula for change in radius 

(center position) could be measured as: 

Δ𝑟𝑤ℎ𝑒𝑒𝑙 = (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑚𝑎𝑥 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑚𝑖𝑛) ∗ 2 

To calculate the displacement of the wheel center the structure was assumed much stiffer than the 

spring square rod. This assumption was based on no visible bending happening to the powertrains 

aluminum frame while a clearly visible displacement happened in the load holder. 

Then the test bench was set for constant speed by using the test benchs motor/generator and sending 

a constant speed 1 m/s command from the Simulink Control center to the VESC. After a stabilization 

of speed the following readings were analyzed in MATLAB:    



 

 

FIGURE 5-B SENSOR DATA FROM LOAD CELL  

To verify that the numbers from the FEA were about the same as in the real setup the measured 

displacement Δ𝑟𝑤ℎ𝑒𝑒𝑙 were calculated and used with Equation 

(4.1):

𝐹𝑙𝑜𝑎𝑑𝑐𝑒𝑙𝑙/Δ𝑟𝑤ℎ𝑒𝑒𝑙 =
420𝑁

3.12𝑚𝑚⋅1.41
= 95.5𝑁/𝑚𝑚  

Δ𝑟𝑤ℎ𝑒𝑒𝑙 = 0.45mm ∗ 2 = 0.90mm 

Δ𝐹𝑙𝑜𝑎𝑑𝑐𝑒𝑙𝑙 = Δ𝐹𝑙𝑜𝑎𝑑𝑐𝑒𝑙𝑙/Δ𝑟𝑤ℎ𝑒𝑒𝑙 = 95.5𝑁/𝑚𝑚 ∗  0.9𝑚𝑚 =  86.0𝑁 

By analyzing the graph (Figure 5-B) the actual numbers change in force is: 

Δ𝐹𝑙𝑜𝑎𝑑𝑐𝑒𝑙𝑙 =  𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛  =  74.4𝑁 

Which is 86% of to the calculated value. The fact that the real value is lower than the calculated value 

for displacement is good.  

This means that the amplitude is  𝐹 = 420𝑁 ± 74.4N/1.41 ∗ 2 = 420𝑁 ±  26.4𝑁  

5.2  Iterative tuning of the test bench  
Since there is a lot of different losses which are braking the test rig like bearing losses in motor (Maxon 

Motor, 2014), the axle bearings, efficiency calculations for the test bench were conducted. The 

strategy used was to accelerate the test rig by using the Simulink control to a peripheral speed of 

about 7 m/s or more and then turn the test rigs motor/generator off. To be able to integrate the 

speed/time curve were made continuously by using a fifth-degree polynomial regression of fifth 

degree, which made a quite good approximation with no noticeable systematic error. (See APPENDIX 

A) 

            

        

   

   

   

   

 
 
 
 
 
 
   
 
 
  
 
  
 
 

                                               



 

 

FIGURE 5-C SPEED ACCELERATING THE TEST RIG WITH 10A MOTOR CURRENT IN 60 SECONDS, THEN FROM CA 70 

SECONDS TO 180 SECONDS MEASURING SPEED CHANGE CAUSED BY LOSSES IN THE TEST RIG 

Then the kinetic energy of the rig for each time step were found by using MATLAB (See: Appendix A) 

and the power loss breaking Inertia for the test bench. Finally, by combining F=P/v, P =dW/dt and 

looking at the slow down period. 

This analysis was used for five iterations where the goal was to reduce the losses of the test bench by 

changing parts so that braking of the car happens as close as possible to how half the cars forces would 

brake a inertia of one wheel on the car + half the inertia of car and driver (target in Figure 5-D). The 

results of the five iterations (i1,i2..i5) can be seen in Figure 5-D followed by comments of whats been 

changed per iteration. 

 

FIGURE 5-D FIVE ITERATIONS FOR REACHING A “CLOSE TO CAR PERFORMANCE” 

                        

        

 

 

 

 

 

                            

                    



 

ITERATION 1 (i1): 

First attempt where Simulink didn’t read the time smoothly, seen as chops in the graph, fixed for the 

rest of the iterations. The test rigs motor failed shortly after. Since we had two motors of the same 

sort a new one was installed and a goal to reduce the difference between the target and i1 was a goal 

since calculating Pi1@7m/s = F*v = 140 watt of losses for keeping 7m/s equivalent speed were 

considered a bit risky for the motor, where it had to add a lot of power to compensate for the 

difference between target and even more if one wanted to test regen at that speed. 

ITERATION 2 (i2): 

With a new motor the test rig got better results, but still were over the target. The company Abra 

Kulelager A/S which specializes on bearings gave us a theory for the huge breaking moment of the 

bearings: By being optimized for surviving harsh environments over efficiency, the sealings frictional 

moment (MRR ) could be braking a lot. two options were then considered. 

1. Removing the seals and run without them 

2. Replacing the bearings with SKFs ultra efficient E2 series 

Option 2 was chosen as Abra Kulelager A/S kindly sponsored the project with the efficient bearings 

and removing the sealings also causes the grease not to stay in place, meaning increased maintenance. 

ITERATION 3 (i3): 

Bearings did the trick at high speeds, with about 40% improved efficiency at 7m/s. Next up was fixing 

a poorly aligned mount for the bearings which felt inefficient as it felt hard to rotate, possibly because 

of the rotation centers not being totally aligned to each other. To fix this a new bearing mount was 

made.  

              

FIGURE 5-E OLD VS NEW BEARING HOUSING 

ITERATION 4 (i4): 

The change of bearings caused a small overall effect and in addition made the torque transducer less 

since the new design ensured a better mounting. By finally cutting the braking force to the half 

compared to i1 thus requiring only under 70 watts to keep the test rig spinning at 7m/s the strategy 

of using the motor for fine adjustments were made. By knowing that motor current and torque is 

linear and the torque constant(Nm/A) a strategy to setting the VESC at 1.0A constant current to 

compensate for the difference between the results from i4 and the target.  

ITERATION 5 (i5): 

The 1A current did the trick and got the compensated the braking force all over the line with the lower 

speeds almost spot on and at 7 m/s about 15% of the over the real value.  



 

DISCUSSION 

After the final iteration done the test bench performed very similar to the car model. However, since 

sending constant current doesn’t do the trick a more accurate function should be done. Possibly one 

that can calculate the difference between the target and the actual readings at all speed and then 

calculate the torque needed to be applied to motor at the given speed.  

It’s also worth noticing that the calculated car model for the car and the actual forces isn’t necessary 

the same due for example a different aerodynamic drag and the tires not being new. Therefore, 

analyzing real time car data versus the model could also be useful. 

5.3 Torque Transducer testing 
To verify that the test bench can be used to test efficency an experiment where accelerating the test 

bench to 4 m/s by using the VESCs constant speed were condiucted. When the speed reached the 

target of  5.5 Amps at  ca. t = 80s , giving ca 75 watts of driving power. 

 

FIGURE 5-F SPEED AND TORQUE READING 

A few things to notice from the readings (Figure 5-F): 

1. The VESCs ability to keep constant speed isn’t very well tuned. This is resulting in a 

overshoot of about 20% when trying to accelerate to 4 m/s with the test bench and ca 

half a minute from overshooting to it gets down to its target speed. This could most likely 

be improved by changing the VESCs PID settings, but isn’t tried yet.  

2. In the acceleration phase the accelerating of the roller and wheel is causing an inertia 

toque in the test bench’s motor 

3. In steady state there is still some negative torque, caused by the powertrains rolling losses 

(mainly rolling resistance) and by the bearings in the test rig 

4. The power calculations can be done by looking at the system as quasi-static. Calculating 

the power by P = F*v one gets the total POUT. By subtracting the rolling losses at constant 

4 m/s (point 3) from the reading one also gets the efficiency at a given torque and speed. 

By doing this for different values, possibly by implementing functionality for Simulink to 

do an automatically sweep where 1Amp, 2Amp … n Amp etc. are sent in to the motor at 

1m/s, 2m/s… n m/s. For this to work implementation of Simulink control of the motor 

controller for the car also needs implementation.  
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6 Conclusion and Further work 

The goals for the test bench were described as 

following in the introduction, in prioritized 

order:  

1. Mimic real driving 

2. Measure efficiency 

3. Support further work with developing 

a new powertrain 

With comments on how close the test bench 

is these goals and further work on those: 

MIMIC REAL DRIVING (1) 

The iterative approach for building the test 

bench with prioritizing the “musts” design 

requirements before “should” made it 

possible to use the test bench as an inertia 

load supporting the motor controller already 

in October. This made testing of the teams’ 

new motor controller with an inertia load 

possible. What we didn’t know at that time 

was that the test bench was braking a lot due 

to the torque losses, meaning than more 

braking than needed to simulating driving was 

done. 

By using the iterative method to get the test bench tuned the calculated values the last iteration 

showed that the rig was quite close to real car performance. Hopefully the planned implementation 

of a variable motor current discussed in chapter 5.2 will at different speed will give an even more 

accurate model. 

The calculations on a slightly oval tire were also showed to be quite correct to the real data giving 

420𝑁 ±  26.4𝑁  variance between maximum and minimum readings. With a more oval tire than first 

thought the design of the load cell holder to act as a spring showed useful. Some further work on the 

problem could be done and two suggestions are to either trying to align the tire better to the rim or 

to make a load arm with different geometry or using a smaller square tube with higher yield strength 

to compensate for being structurally weaker. 

MEASURE EFFICENCY (2) 

The torque transducer test showed great potential in combination with the VESCs keep speed 

function. As this was the first test most of the problems would likely be easy fixable and could be 

considered as further work.  

In addition, the motor controller need to be able to send data to Simulink to measure the efficiency. 

This is being worked on by other team members and a new design is soon ready for testing, giving the 

possibility to fully automate a testing sequence in Simulink with. If we will succeed with this, we will 

be able to plan a driving strategy with power efficiency map. As long as the potential errors on the 

 
 

FIGURE 6-A  THE FINAL PRODUCT 
WITH THE CURRENT POWERTRAIN MOUNTED 

 



 

readings are the same or proportional, we will still know where the best efficiency lies which will 

enable a pulse and glide strategy. Time will show if it works. But the potential is huge. 

Lastly a comment on accuracy is needed here: If the test bench performs the same at all times or need 

calibration after each use isn’t tested yet. And, since the bearings  

and grease will heat up a bit during driving an investigation on this effect is needed. After trying to do 

readings  

SUPPORT FURTHER WORK WITH DEVELOPING A NEW POWERTRAIN (3) 

The authors further work for the master thesis will most 

likely involve development of a new powertrain with the 

use of the test bench for verification of reliability and 

efficiency.  

The timing belts in the current powertrain is supposed to 

be efficient, but the frictional loss of the one-way bearing 

used to keep the belts and motor stationary while not 

accelerating is still there. And worse: the bearing makes 

regen impossible and a choice between regen and major 

losses of not using one must be considered. With a much 

shorter track for the 2018 competition regeneration to 

brake at each lap shows potential. 

Therefore, verification on a new design is in the planning. 

The goal with the new powertrain is to consider the effects 

of adding a second gear and the possibility to disconnect 

the motor with a linear actuator. The test of such a system 

will first be done by utilizing the test bench’s modularity. 

To illustrate this concept, look in Figure 6-B and Figure 6-C. 

Lastly remembering that risk is more than no matter how 

good the test bench is simulating, it’s not the same thing. 

Therefore, is always a risk of something not thought of. 

Therefore, the test bench should only be considered a tool 

for mitigating risk and not a way to eliminate it. 

 

 

 

 

  

 

 
FIGURE 6-B LINEAR ACTUATOR CONCEPT 

WITH TWO GEARS 

 
FIGURE 6-C 3D PRINTED PROTOTYPE 
 FOR A MINIATURE VERSION OF THE 

CONCEPT 
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