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1.Vehicle Specifications Table 

 

Specifications Units Values 

Length mm 3791.60 mm 

Width mm 1542.15 mm 

Height Mm 1064.55 mm 

Chassis Materials Aluminum 6065, Carbon-fiber 

Honeycomb 

Shell Materials Carbon fiber 

Brake System Hydraulic disk, ön, arka, el 

freni 

Hydraulic Disk, Front-Rear 

Motor Tip BLDC 

Motor Driver Own Design, Purchased 

Product 

Own Design 

Motor Power kW 2.65 

Motor Efficiency % 94% 

Electric Machine 

Weight 

kg 23 kg 

Battery type Lithium Ion 

Batter Pocket Nominal 

Voltage 

V 72 

Battery Pocket 

Capacity 

Ah 41.6 Ah 

Batter Pocket Maximum 

Voltage 

V 84V 

Battery Pocket Energy Wh 3000 Wh 

Supercapacitor Yes/No No 
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2. Domestic Products 
 

1. Motor Elektromobil ve 
Hidromobil için zorunlu 

X 

2. Motor driver Elektromobil ve 
Hidromobil için zorunlu 

X 

3. Battery Management System 

(BMS) 

Elektromobil ve 
Hidromobil için zorunlu 

X 

4. Built-in charging dock Elektromobil için  zorunlu X 

5. Energy Management System Hidromobil için zorunlu ☐ 

6. Battery Package Optional ☐ 

7. Electronic Differential System Optional ☐ 

8. Vehicle Control System  Optional X 

9. Fuel Cell Optional ☐ 

10. Fuel cell control system Optional ☐ 

11. İnsulation Monitoring Device Optional X 

12. Steering System Optional ☐ 

13. Door Mechanism Optional ☐ 

 4. Design Calculations 
4.1 Detailed Design Information and Analyzes Results 
Motor Design 1 

From ANSYS ELECTRONIC, we designed our first motor to see what abilities it 

has (current, efficiency values etc.). We designed a BLDC motor that have 46 poles, 

420 rpm, star tie dc motor. 
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Fig. 1: Motor Design 1 Parameters 

The reason for 420 rpm is that we have been calculated the average rpm that 

we will have through the race, then we designed our motor according to in 420 rpm, 

we will have the most efficient. For the stator, we have outer Radius of 280 mm and 

inner Radius of 190 mm and pocket size 40 mm. We used grain-oriented stator steel 

310 quality which has 0.5 mm thickness. We have a few stator teeth of 51. In ANSYS 

Electronics, we used slot type 3 because it has better design and visuality of slot 3 is 

better. For the slot measurement see Fig. 1. 

When we were designing our motor, we tried to use Radius rather than edge 

because of the stress concentration issues. For the wrapping of magnetics, we used 

16 wire which have 0.4mm diameter. Wrapping style is 5 turns of each and 

doublecheck, parallel branch 1 in ANSYS in Fig. 2. 

 
Fig. 2: Motor Design 1 with Winding Parameters 

For the rotor, we used 298 mm inner diameter and 284 diameter outer diameter 

which has 2 mm airspace between stator and rotor. We chose steel as rotor because 

we can’t use steel sheet in Fig. 3. 
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Fig. 3: Motor Design 1 with Rotor Parameters 

We used 1045 steel because it is not expensive as stainless steel, and it is 

corrosion resistant, and it is easy to manufacture and stronger. Magnetic length is 

same as stator which is 0. We used pole type 1, we chose embrace as 1 because it is 

cheaper and more useful than others. The other reason for embrace 1 is we don’t want 

space because for manufacturing of space, we cannot open the space with lathe, we 

should use another method which will increase the price, so we are producing magnet 

fully filled, without space. For the magnet, we use NdFe35 magnets (see Fig. 4) 

 
Fig. 4: NdFe35 Magnet Properties 

Then we made a rpm-based analysis (see Fig. 5, Fig. 6, Fig. 7). 

 
Fig. 5: Rpm-Based Analysis Result Table 
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Fig. 6: Rpm-Based Analysis Result Plots 

 
Fig. 7: Rpm-Based Analysis Result Plots 

Cogging torque is low because of we have 3mm magnets, cogging torque is 

around 0.02, which is good for us. As a result, in 420 rpm we have 83.1 efficiency, our 

motor need 31 ampere current, input power is 2.2 kw and output power is 1.85kw, from 

analysis we can see iron loss and copper loss. 

Motor Design 2 

After motor design 1, we produced another motor which is bigger than 

preliminary design. This new BLDC Motor design is bigger than old one and more 

efficient. It has 20 poles which means there is 20 magnets in it, also it has number of 

18 stator teeth. The designed motor’s stator has an outer Radius of 276 mm and inner 

Radius of 150mm. It has 48mm pocket size (see Fig. 8). 
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Fig. 8: Motor Design 2 Parameters 

We used same grain-oriented stator 310 quality steel which has 0.5 mm 

thickness. Slot geometry that we chose is type 3 in ANSYS Electronics because it has 

better design and visuality of slot 3 is better, also there is no skew in it.(see Fig. 9). 

 
Fig. 9: Stator Slot Dimensions 

 
Fig. 10: Stator Winding Parameters 

For the wrapping of magnetics, we used 26 wire which have 0.5mm diameter. 

Besides wrapping style is 5 turns of each and doublecheck, parallel branch 1 in ANSYS 

Electronics(see Fig. 10). 

As rotor, we used iron as first design. Full-filled magnetic geometry and we used 

NdFe35 magnets and a width of 5mm (see Fig. 11). 
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Fig. 11: Rotor Dimensions and Pole Type 

Motor will work at 72 volts again and the best performance is designed for 

420rpm which has a 2650 w of output power (see Fig. 12). 

 
Fig. 12: Analysis Results 

As a result, this motor use 10 more ampere current than other one. It has 90% 

of efficiency, maximum torque of 60N/m, maximum output power of 7kw. At 420 rpm, 

it gives 2650w power. Cogging torque is little bit more than older design and airspace 

is 2mm between rotor and stator (see Fig. 13). 

 
Fig. 13: Cogging Torque Analysis Results 

Due to the track structure, the structure of the motor will be torquey. For this 

reason, there is support in the centers inside the motor. There are hall sensor slots 

inside the motor. There are 6 holes slots with 4mm diameter for stator packing. The 

stator will be connected to the body with M6 screws with a separate connecting 

apparatus processed under the press. The bearing which used in the motor type is 

6206. Two of them are in center of the motor. There is a path in center of the motor. 

The reason of that prevention of some of the injuries because of sharpness of the 

center. Rotor of the motor is only one part. It is processed by CNC Lathe Machines.  
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Carcass (lid of the motor) of the motor is made from aluminum. However, there 

should be a bolt to prevent possibility of shape corruptions. Carcass is made with only 

one part again because motor power is very high which can cause deformation on the 

carcass. After motor fixing process to the rim, Loctite is spread. The holes which are 

outside of the motor are located same position with winding parts. Thanks to the holes, 

motor can be cool when it’s rotating. We utilize air holes for cooling system of the 

motor. By thermal analysis we can obviously see that, BLDC Motor can work properly 

at expected. temperature values. 

There are 20 magnets and 6 holes. To prevent the balancing of the motor, we 

prefer 60 unloading holes which is LCM( lowest common multiple)of the 20 and 6. If 

we compare Motor 2 and Motor 1, we conclude that Motor 2 have lower thermal 

warming and manufacturing processes more straightforward than Motor 1 (in terms of 

magnets and gears). Motor 2 weight is 23 kg including winding parts (it is 21 kg without 

windings). Moreover, Motor 2 has less poles than Motor 1 so that, it is smaller than 

Motor 1 design. 

In the second motor design, there is a star connection. According to track 

condition, our expectation from motor have low rpm but high torque. So that, star 

connection is chosen. There is no voltage dissipation. At winding parts, there are 10 

repeating including 26 copper wire which diameter is 0.511 mm. 

 
Fig. 14: Winding Parameters 

We used non-particle-oriented silica sheet for stator. Stator outer diameter is 

276 mm and inner diameter is 150 mm. Stator pocket size is 48 mm. There are 96 

pressed silica sheets for stator. Rotor material is that 1045 steel. Rotor outer diameter 

is that 300 mm and inner diameter is 280 mm.  

Magnet type is NdFe35. Magnet length is 48 mm. Stacking factor for this motor 

is that 0.95. There is no space between the magnets. Our magnets are fully filled, the 

reason for that try to avoid mold cost. Our target value for BH Curve is that between 

1.5 and 2.0. To increase the fulfillment of the motor, we should increase magnets width, 

decrease stator width, or decrease air space in the motor. Moreover, we can use more 

powerful magnets, but they are more expensive than what we have used. By using 

more powerful magnets, we can increase the magnetic flux in the magnets. 
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Because of the magnetic flux, inner diameter is 150 mm. Thanks to this value, 

magnetic flux can move freely because there is no contact between each of them. 

Finally, according to given information above, in full load operation condition; 

our motor efficiency is that 90% and it has 2.65 kW output power. 

 
Fig. 15: Rpm vs Efficiency Plot 

 
Fig. 16: Rpm vs Current Plot 

 
Fig. 17: Rpm vs Torque Plot 

4.1.2 Design Equations and Calculations 
Our aim is to focus on producing most efficient motor. As we are going to use 

two hub motors in our car, we want to produce lighter one too. Designing BLDC motor 

has lots of steps but one of the most important steps is that determination of motor 

parameters and components. The reason of that parameters and components affect 

the power and efficiency of the motors. This process needs to well-detailed information 
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and research.  

In order to calculate motor power needed to maintain average speed which is 

about 37 km/h, we need some data related to our vehicle. One of the data is mass 

properties of vehicle. 

The resistance forces acting on vehicle is listed below. 

1)  = Air Resistance 

2)  = Rolling Resistance 

3)  = Climbing Resistance 

4)  = Acceleration Force 

 

 

 

 

 

 

 

Fig. 18: Coefficient of Rolling Resistance vs Car Speed 

2. Rolling Resistance  
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3. Climbing Resistance  

      

 

 

 
 = 4728.17 W 

 

4. Acceleration Force  

 

 

 

 

 

 

 

 
Determination of Motor Physical Parameters 

➢ Total weight:300kg 

➢ Velocity:37km/h 

➢ Acceleration:0.556m/  

➢ Wheel Diameter: 16 inches 

➢ Drag force: 29.36N 

➢ Rolling resistance: 29.06 N 

➢ Climbing force: 460.38 N 

➢ Acceleration Force: 116.8 N 

➢ Total Force: 685.49 N 

➢ Total Power: 7040 W = 7 kW 

➢ Cycle: N=420 rpm 

➢ Moment: T=51.41 Nm 

➢ Motor voltage: 72V 

 

• Moment for the unit volume of motors, 
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and for T = 51.41Nm 

 

 
 

• To determine D and L, the ratio of λ= L/ p is utilized. For λ the intervals given below 

can be used. 

 

• To minimize the cost                                            1.5-2.0 

• To have high efficiency                                        1.4-1.6 

• To acquire moderate amount of power factor      1.0-1.3 

• To have a decent design overall                           1.0-1.1 

 

• Choosing the number of slot number is especially important in producing process, as 

TUBITAK introduces, there is no rule of choosing the number of rotors and stators. 

There is advantages and disadvantages of choosing slot number high.  Slot number 

have been choosing 18, and 2p=20 is the pole number. Therefore, . For 

λ=1, D=276mm and L=48mm where D is outer diameter of stator and L is the length 

of the pocket.  

• Stator Winding 

 

Winding factor kw has 2 elements known as branching kb and runner kr. Running is 

basically the method of differentiating winding step from pole step in order to reduce 

harmonics. 

 and    

•      and for y = 1 Total winding factor = 0.95 

• Induction phase tension (IPT) equation: 

 
• Flux per pole:  

 

• Winding per phase 
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• Total number of conductors  

 

• Conductor per slot  

 

• If the free working cycle is thought as 1.25 times the nominal cycle: 

 

• For , Flux per pole is 

 number of turns per phase is 

 

• Total conductive number is . Conductive per pole is 

. In new condition  

• Driver supplying system has been selected as 72 VDC. If voltage drop in transistors 

which are with the driver is chosen as 1V (2V in one arm), rms voltage of Phase-

Neutral of the motor is found.  

   Vrms =  = 28.5 V          

• Approximation of motor efficiency with 90%, then phase current is; 

   If = = 24,7 A 

• Conductor cross sectional are for J= 4 A/mm2 is, 

   qcu =  = 6.18mm2 

• 26 conductors in parallel will be used with diameter of 0,5 mm. 

• For 60% groove occupancy, necessary groove area, 

   Asl =      ≅ 535.6mm2 

• Motor groove pitch:    

0=   = 48.17 mm 

• Teeth width needed for calculation of providing Bd = 1.7 T magnetic field density in 

stator teeth: (kfe = 0,95)  

bd =  = 29.8 mm 

• Groove top width: 

b0=0 – bd = 18.3 mm 

• Due to being calculated the necessary grove area, groove height; ho = 32 mm 
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• Transom induction (Bt) is exploited in transom height calculations, either. This value 

may be chosen from the interval of (1,3 T-1,7 T). Transom flux is the half of the pole 

flux. For Bt = 1,5 T, transom height is; 

hb =      = 25.3  mm 

• Maximum stator inner radius; 

Di = D − 2ho − 2hb = 75 mm 

 

• These dimensions will be determined after the magnetic calculations since magnetic 

flux is generated by the magnets in the rotor. Values shown in the below can be used 

by initial values.  

• Minimum airspace may be varied by the motor type. It can be calculated generally as 

shown in the below.   

 = 0,2 + 2  = 0,2 +  = 2 mm 

• With taking into consideration of mechanical struggles, airspace is determined by    

=1 mm. 

• Based on the vehicle, the outer diameter of the engine rotor, , is set to 300 mm. 

The steadiness of the running electric vehicle is directly influenced when the external 

rotor engine mutilates under pressure. In this way, the thickness of the rotor center of 

the engine, , ought to be expanded, and its underlying worth is set to 5 mm in this 

plan and magnet thickness, , is assumed to be 5 mm. 

 

• As a result of the formula, inner diameter of the rotor, , is calculated as 280 mm.  

• After calculating inner diameter of rotor, we can calculate stator diameter as 276 mm 

by subtracting air gap, that is 2 mm, twice. 

• Initially, magnet thickness might be selected as 2.5 times of airspace. However, due 

to choosing a motor with high power, magnet thickness is selected as dmag = 5 mm 

for this case.  

• The ratio of magnet spring and pole pitch is chosen as 75%.  

• Rotor transom can be calculated with the exact method in stator. For Brt = 1,7 T, 

height of transom is; 

hrb =   = 14.7 mm 

• Motor outer diameter.  

Do = D + 2g + 2dmag + 2hrb = 300 mm 
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4.2 Motor Electromagnetic Design and Analysis 

 
Fig. 19: BLDC Motor Model in RMxprt Design 

Outer rotor BLDC motor is designed in Ansys Electronics Desktop Software by 

using RMxprt Design. RMxprt allows us to accurately modify dimension and properties 

of the BLDC motor such winding properties and stator teeth geometry. Also, while 

doing calculations, some data was obtained from RMxprt Design Sheet. 
4.2.1 Electromagnetic Calculation Steps and Formulas 

It is known that BLDC motor operates on the Electromagnetic Theory. 

Electromagnetic properties are significant to consider that is why we analyzed our 

BLDC motor from electromagnetic perspective. Before analysis, we have to know 

formulas and theory behind BLDC motor. Maxwell Equations is the most accurate way 

to express electrical and magnetic theory in order to understand principles of the BLDC 

motor. 

  

  

   

    

Equation above is our fundamental formula for BLDC motors. So, we will use 

this equation for analytical calculations. 

 

  

We obtained equation above by taking open surface integral. If we apply Stokes’ 

Theorem to equation above, we will obtain 

 Equation x 

Since,  
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H  = B  

If we substitute equations above, we will get 

  

  

  

  

Reluctance is the resistance to magnetic field, and it is known that 

 

 
To calculate magnetic flux, we need to model electromagnetic diagram of our motor. 

 
Fig. 20: Electromagnetic Model of Our BLDC Motor 

From flux equation, magnetic flux density due to current passing through 

winding can be calculated as follows where I = 75 A, N = 20, L = 0.028 m and μ = 

. 

 
In addition to this, as we can understand from electromagnetic model, there will be also 

flux which is caused by our permanent magnets. The flux due to magnets will be around 

0.87 T when we consider data of the magnet which is given in its data sheet. Thus, 

total flux in the stator teeth due to both magnets and windings is 1.57 T. 

4.2.2 Electromagnetic Finite Element Analysis and Results 

R =   
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Both during design stage and after design stage, we have used a software 

Ansys Electronics Desktop in order to see whether our design is electromagnetically 

suitable or not. Thus, we conducted some FEA and take them into account while 

interpreting our results. 

First, thing to consider is parameters which have bad influence on motion of our 

motor because if losses are too much so that efficiency is so low. We did the analysis 

and found such parameters for instance cogging torque which is basically the reverse 

torque occurring due to interaction between magnets and steel core of the stator.  

 
Fig. 21: Cogging Torque vs Electrical Degree Plot 

By looking plot, cogging torque is fluctuating between 0 and 2.5 Nm, that is why 

cogging torque is very low when it is compared with torque supplied by motor which is 

around 60 Nm. Thus, loss due to magnets is low. Also, to reduce cogging torque, we 

can manufacture skewed the stator lamination. However, we did not because cogging 

torque is not that much. 

Moreover, we have losses due to copper winding and materials we used in 

design which are important as cogging torque because they are increasing power 

supplied to our motor. If supplied power is high, which means that efficiency is low. 

 
Fig. 22: Analysis Results of Losses 

As it can be seen in Fig. 22, total loss is around 293 W which is low enough to 

say that our motor is efficient.  

Another important thing in motor design is efficiency since we aimed an efficient 

motor while reducing the cost of the motor also the goal of the race is to be the most 

efficient. 
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Fig. 23: Efficiency vs Rpm Graph  

From the graph, it can be seen that we can achieve maximum efficiency at 426 

rpm which is our desired speed while it is operating.  

In the FEA analysis it is important to define proper mesh for the geometry so as 

to obtain accurate results from analysis. Therefore, we define different size of mesh in 

different part of the motor. 

 
Fig. 24: Mesh for Finite Element Analysis 

In the Fig. x, defined mesh can be seen. As it can be seen mesh size in the saft 

is very big because we do not expect to see any situation related to electromagnetic. 

However, it is not that useless because losses are affected. Mesh size in the stator is 

fine enough because we know that stator will be important part of our electromagnetic 

design. Lastly, we should also mention about mesh in the air gap. Mesh in the airgap 

is also crucial because there will be flux leakage in the air gap. So, if it was wrongly 
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meshed, our flux values obtain by finite element analysis will be wrong. As a result, 

mesh should be defined proper by considering the geometry because if the mesh is 

too fine, time taken for analysis will be too much even if we can obtain most accurate 

result from our analysis. However, we defined very optimal mesh sizes for our finite 

element analysis. We reduced solution time while increasing accuracy of the results. 

 
Fig. 25: Magnetic Flux Density FEA Results 

 
Fig. 26: B-H curve of Stator Steel Sheet 

In the B-H curve, saturation flux density can be observed. To be saturated, 

magnetic flux density should be between 1.6 and 2 Tesla. In the result of FEA, we can 

see magnetic flux density in the area which is indicated with red circle is about 1.75 T. 

Since analysis is transient, we are not observing same flux density everywhere 

because not all the phases are not excited. Therefore, less flux density can be 

observed where phase located in the area not excited and phase in the area excited 

but in reverse direction. 
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Fig. 27: Flux Lines FEA Results 

As we can understand from the result, flux lines form a closed loop. If we 

consider path of the loops, we can see that they did not leak much to both shaft area 

or air. Obviously, there is some leakage flux in airgap. Yet, linkage flux is not that much 

so it can be omitted. 

 
Fig. 28: Flux Linkage Graph 

 
Fig. 29: Flux Directions Obtained from FEA 
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Fig. 30: Phase Current Graph Obtain form FEA 

As mentioned before, in the working principle of the BLDC motors while one 

phase is excited other one should be excited but with a reverse direct current but the 

last should not be excited. Moreover, it can be seen in graph while one phase is excited 

other one is excited reverse. 

 
Fig. 31: Rpm vs Torque Graph     

As we can see from graph, torque supplied by our motor in the speed that our 

motor operates most of its operation cycle is 60 Nm which is our required torque. Thus, 

we validated that our motor could meet our needs. 
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Component Name Component Section Value 

Rotor 

Outer Diameter 300 mm 

Inner Diameter 280 mm 

Length 65 mm 

Magnet 

Length 48 mm 

Number of Magnets 20 

Thickness 5 mm 

Air Gap Thickness 2 mm 

Stator 

Outer Diameter 276 mm 

Inner Diameter 150 mm 

Length 48 mm 

Number of Slots 18 

Slot Depth 32,5 mm 

Structural Body 
Length 63 mm 

Diameter 150 mm 

Shaft 
Length 94 mm 

Diameter 30 mm 

Table 1: Mechanical Data for Motor Components 

 

 
Fig. 32: Torque Result Obtain from Transient Analysis 

As it can be seen in graph torque is oscillating between 65 and 95 Nm. So, the 

average is 80 Nm. 
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4.3 Motor Mechanical Design and Analysis 

 
Fig. 33: Rendered 3D Drawing of Our BLDC Motor 

4.3.1 Detailed Mechanical Design Data 
At the mechanical design, dimensions of components are obtained from 

calculations which are done in the design calculations. Yet, dimensions of the 

components which are not related to magnetic situation of the motor are defined by 

considering machine elements like bearing, screws, and nuts also whether rotating and 

non-rotating parts can collude or not. 

Another matter we thought about is materials and their properties. Rotor and 

shaft were made by Cold rolled AISI 1045 steel. We choose this steel because it is 

easy to find, cheap and relatively strong material. Also, it should have been easily 

machinable because we added some features to rotor, which are not simple geometry, 

for thermal purposes. Since these parts are rotating, they should be lightweight parts 

in order not to increase inertia of the motor. Obliviously, inertia is related to geometry 

but geometry is already defined to satisfy magnetic and performance criteria. 

Moreover, stator was made by M310-50A non-grain oriented electrical steel sheet 

which is an optimal type of steel for such applications like electrical motors. Also, it is 

not high-density material so it will not increase weight of our motor much. Thus, we will 

obtain fewer radial loads on our machine elements. Also, its thickness is 0.5 mm which 

is approximately average of thicknesses of electrical steel sheets. Since it is around 

average our steel cost is decreased because we could buy less amount of electrical 

steel sheets. In addition to this, we need to look at material of magnets which is 

NdFe35. We have chosen this magnet because it has low price / performance ratio, 

which is desirable for our case. 

Mechanical properties of all materials that we used while manufacturing motor 

parts were provided by supplier. 
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Properties Values 

Tensile Strength 500 MPa 

Yield Strength 385 MPa 

Young Modulus 200 GPa 

Density 7650 kg/m^3 

Table 2: Mechanical Properties of M310-50A Electrical Steel Sheet 

Properties Values 

Tensile Strength 565 MPa 

Yield Strength 310 MPa 

Young Modulus 200 GPa 

Density 7870 kg/m^3 

Table 3: Mechanical Properties of AISI 1045 Cold Rolled Steel 

Properties Values 

Tensile Strength 317 MPa 

Yield Strength 59 MPa 

Young Modulus 210 GPa 

Density 7400 kg/m^3 

Table 4: Mechanical Properties of NdFe35 Magnet 

Other important components we should consider while designing BLDC motor 

are machine elements which are bearings, bolts and nuts. While choosing them, we 

considered their mechanical properties of their materials. From bearing data sheet, we 

know that bearing can handle rotational speed up to12000 rpm. However, we will 

generally cruise at 420 rpm, so we have approximately 29 factor of safety for our 

bearings. That is why limiting speed is not that important when it is compared with 

loads applied in our bearing. In mechanical calculations part, we will mention about 

how did we calculate loads on it how did we decide to use this bearing.  

For the bolts and nuts, we have used bolts with standard dimensions such as 

M4, M6 M8 while assembling whole motor. We know that bigger bolts handle more 

loads, but we do not have that much space to drill holes because BLDC is a compact 

electrical machine. So, we have to be sure that our bolts can handle such loads. We 

explained and analyzed on the components that are used for connections. For the nuts, 

we used fibered nuts because they provide good tightness while we are combining 

parts. Because if they are loosened, while motor is operating at high speeds. 

Dangerous vibrations can occur, which means that we will encounter higher loads that 

we cannot handle. 

4.3.2 Mechanical Calculations and Equations 
Before we did finite element analysis, we should calculate mechanical loads that 

will applied on our critical points such as bending, torsion, radial and axial loads. 

Firstly, we need to analyze loads on the shaft.  
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Fig. 34: Loads Applied on Shaft 

At point A, there will be normal stress due to bending moment and shear stress 

due to torque and shear force. 

 

 = 4 *  

 = 5.6 MPa 

 

 

J = 1.0825 *  = 1.12 *  

 = 134 MPa 

As a result of calculation, we can say that we will encounter 134 MPa shear stress due 

to torque which is transmitted by our rotor at our peak torque.  

 
Fig. 35: Loads Applied on Stator and Rotor 

Since our BLDC motor is outer rotor, we have magnets which is located at the 



30  

inner side of the rotor. Since both body of the stator fixed, and rotor is also fixed but 

not for rotation. So, there will be normal stress at both rotor and stator caused by 

magnet’s pulling force which is about 57.5 N. 

 

A = width * length =  for stator 

A = width * length =  for rotor 

for stator 

 for rotor 

For bearings, we observe radial loads but not axial loads. Therefore, we 

designed our shaft for radial bearing. 

To understand whole, system integration should be explained. Basically, BLDC 

motor consists of three mechanical parts which are shaft, stator and rotor. In our case, 

we know that efficiency is so important that is why we did not design a power 

transmission system for our vehicle in order to avoid power loss. In our assembly, 

BLDC motor stator is connected to our knuckle with six M8 bolts. Also, we joint the 

rotor to the shaft with six M4 bolts so that both of them can rotate as a one component. 

Because of this, we have to separate shaft and stator with a bearing. For this purpose, 

we used two 6206-2Z ball bearings thus while outside of the bearing is stationary part, 

inside of the bearing will be rotating with shaft. In addition to these, Motor and rim 

assembly have to be mentioned. We have designed an aluminum part for motor rim 

assembly because holes on rim is not suitable to assembly, so we drilled ten new holes 

to our rim in order to obtain concentric holes. There should be appropriate distance 

between center of the rim and center of the rotor to avoid collusion. Therefore, by using 

such a connection element, it can be seen in Fig. x below, we obtained appropriate 

distance between rim and rotor. We connected rim, rotor and connection element by 

using ten M8 bolts so that connection will be tight enough to avoid loosening.  

 
Fig. 36: 3D Drawings of Connection Element 
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Fig 37: 3D Drawings of Motor-Rim Assembly 

4.3.3 Mechanical Design Constraints 
One of the design constraints is the cost of motor. The one can say that cost is 

affected by mechanical design and manufacturing of it. Mechanical design also affects 

material cost of motor components. Because of this, mechanical dimensions should be 

given not to rise cost of the motor both in manufacturing and material wise. Therefore, 

features like fillets are design to prevent non-standard cutting tools in machining also 

we designed it so that the motor is the most compact design possible, which leads to 

the most cost-effective design for our purpose. Another important constraint is about 

dimensions even if we do not care about cost, we could not find appropriate machine 

elements for our parts. In addition to this, we may encounter collusion of rotor and 

stator. So, they are designed in order to avoid such collusion. 

Another constraint is sustainability of the motor. We have designed components 

of the motor to be sure that the motor is sustainable which means that even if there will 

be any damage, we can easily recover the damage and motor can operate safely 

again. We have designed its features so that it can disassemble and reassembly with 

new repaired parts. 
4.3.4 Mechanical Finite Element Analysis and Results 

 
Fig. 37: Motor SolidWorks Design 

Our Outer Rotor-SPM-BLDC Motor is designed by using Ansys Maxwell, then 

3D model of the motor is drawn from SolidWorks, and it is shown in Fig. 37. Finite 

Element Analys of the motor is conducted from Ansys Workbench and SolidWorks 
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Simulation. Under mechanical analysis subject, the motor vibration analysis and static 

analysis is studied. 

 However, our motor model is quite complex for a reliable mesh; therefore, the  model 

is simplified according to the purpose of the analysis. 

Vibration Analysis 

The first step of the analysis is modifying the model for the analysis, but when 

the model is modified, critical components of the model are determined, and then the 

model is simplified. For our analysis, we considered the model as a rotor which inside 

is blank, and a point mass is defined into the center of the inside of the rotor, which is 

defined inner component motor, and its mass is 16 kg. Also, the rotor is connected to 

the connection element of the rim, and that connection element is designed by us. This 

connection element is connected to the rim with bolts, and that bolts are defined with 

rigid line segments in a remote point in space. This definition holds 6 degree of 

freedoms of the holes from the center; thus, that connection type prevents motion of 

the components. The Simplified and defined model is shown in Fig. 38. 

 
Fig. 38: Simplified and Defined Motor Ansys Model 

The purpose of the vibration analysis is to observe the transfer function of the 

system. Namely, when the model is exposed to any force, how that force behaves at 

critical points. For our analysis, there are two critical regions we need to observe. The 

first part is the hexagonal surface of the rotor inside because of the stress of the edge 

of that surface, close to the hole where the bearing is placed. The second critical region 

is the rotor connected surface of the connection element we design, which answers 

that our anxiety for how much strong the bolts hold the model because we need to 

consider whether the bolts’ strength is enough or not.  

Before applying the frequency response analysis, the modal analysis is 

considered in order to observe the natural frequency of the model, which is significant 

to see whether any unexpected excitation occurs or not. 
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Fig. 39: Natural Frequency of The Model 

 In Fig. 39, first 6 natural frequencies of the model can be seen, and the first natural 

frequency is at 244.26 Hz. Also, we can see that where of the motor is possible 

deformable parts at first 6 natural frequency.  

  When we focus on the motor working, we can see that the motor never reaches 

the first natural frequency, which prevents the unexpected excitations.  

 

 
The motor design in Ansys Maxwell provides rpm vs torque table, and that table 

is converted into frequency vs torque, which is appropriate data for the vibration 

analysis.  

Vibration analysis is divided by two as random and harmonic vibration. For this 

situation, the road condition must be considered. When the road is a formula racing 

track, the road is quite smooth, which prevents abrupt vibration to the system; 

Fig. 40: 
Freq. vs 
Torque 

Fig. 41: 
Rpm vs 
Torque 
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therefore, the random vibration can be ignored. Only harmonic vibration will be 

considered. The harmonic vibration occurs due to both motor working and vehicle 

springing.  

Harmonic vibration due to motor working is frequency vs torque input, and the 

input data are seen in Fig. 40. Also, vehicle springing is the mass of the vehicle for one 

wheel. 

This harmonic motor working input is given from the center of the rotor inside as 

a rotation like motor working style. In addition to this, vehicle springing input is defined 

as 740 N from the rim connection element. 

 
Fig. 42: Frequency Response for Normal Stress at Connection  Element 

Surface 
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Fig. 43: Frequency Response for Shear Stress at Connection  Element Surface 

        Due to the fact that starting torque is the maximum torque, maximum stress is at 

the beginning. The stress versus frequency graph for connection element surface is 

seen Fig. 42 and Fig. 43. When the normal stress is considered, maximum stress is 

observed at z-direction, which is 45.829 Pa. What’s more, the shear stress reaches 

maximum with 300.07 Pa. These values demonstrates that vibration due to the motor 

working is quite low, which means the bolts hold the rotor strong enough. 
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Fig. 44: Frequency Response for Normal Stress at Hexagonal Surface 

 
Fig. 45: Frequency Response for Shear Stress at Hexagonal Surface 

        The stress versus frequency graph for hexagonal surface is seen Fig. 44  and Fig. 

45. When the normal stress is considered, maximum stress is observed at x-direction, 

and the value is 49.232 Pa. Furthermore, the shear stress goes to maximum with 

138.43 Pa at xz-plane, which is perpendicular plane to the force applied plane. 

According to this frequency response table is used to select the bearing. 

 



37  

Static Analysis Due to The Magnetic Force Between Magnet and Stator 

        The first mission of that analysis is simplifying the model for the purpose of the 

study. The motor model is simplified up to that only rotor, magnets and stator exist. 

The simplified model is seen in Fig. 46. 

 

 
Fig. 46: Simplified and Defined Motor SolidWorks Model 

        Magnets create a magnetic force for each other, and that magnetic force has an 

influence on the rotor and stator. Actually, the purpose of the analysis is to determine 

whether there is a considerable deformation on stator or rotor or not. The magnetic 

force magnets create is 57.5 N. 

 
Fig. 47: Magnetic Force Analysis in SolidWorks 

As the results of von Mises and deformation analyzes demonstrate, there is no 

remarkable deformation which occurs due to the stress because maximum stress 

cannot reach remarkable values.  

Static Analysis of The Shaft 
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        The Shaft is a critical component of the motor since it is placed to the center of 

the motor. The shaft is exposed to torsion and bending torque because of the motor 

working, and these self-effects can damage the shaft. The purpose of the static 

analysis of the shaft is determine whether the shaft is strong enough or not. Von Mises 

analysis and shear stress analysis is significant to observe impact of the motor working 

on various plane.  

 
Fig. 48: Shaft Von Mises and Deformation Analyzes Results in Ansys 

As we can see the result, there is two essential region, one of which is bolts 

connection around, point A in Fig. 48, and the other one is the radius region on the 

shaft, point B in Fig. 48. Even if these regions are critical and risky parts, the analysis 

results demonstrates that the stress cannot reach the yield point at that parts. 
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Fig. 49: Shear Stress Analyzes  Results on different planes in Ansys 

When the shear stress on the shaft is studied, the maximum stress occurs on 

xy-plane, which is the same plane with that torsion is applied. The hexagonal part of 

the shaft strengthens the shaft in terms of deformability, and that part provides 

distributing the force the hexagonal part instead of the cylindrical part of the shaft. Also, 

hexagonal part is useful for the connection to the rotor. 

4.4. Motor Thermal Design 

 
Fig. 50: Motor Thermal Model in Motor-CAD 

SPM BLDC Motor is designed for thermal analysis in Motor-CAD. To design, 
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there are some parameters that needs to be used. Mechanical properties are used by 

using information in mechanical design part. For the thermal analysis, inputs are 

determined part by part. Also, windings values are used from mechanical design part. 

4.4.1 Cooling Methodology 
Like any sort of gadget that changes one kind of energy over to the next sort, 

brushless DC engine, truncated as BLDC, likewise creates a lot of warmth. With the 

goal for BLDC to beat this issue, a type of cooling framework is required. Something 

else, the framework may basically catch fire or will probably be wasteful. Warmth is the 

item we'd prefer to dispose of. One reason for that is on the grounds that it's probably 

going to lead the framework to diminish its force. It's wished to expand the attractive 

transition force to get the framework to a more impressive state in the way of force, 

power, rotational speed. To accomplish this, the more current should be provided to 

the conductors to make a more exceptional attractive field. Nonetheless, giving more 

current means more warmth by the straightforward overseeing rule of force misfortune. 

The cooling system is selected as a  self-ventilation by air since the high-speed 

motion provides enough air ventilation for the motor; therefore, some holes are 

designed on the rotor, which leads to ventilation. Motor orientation is quite important to 

determine the cooling system and to analyze the system in terms of its thermal 

situation. When the orientation is considered, motor orientation is horizontal. What’s 

more, lamination stacking factor is a critical parameter, and it is a demonstration of the 

ratio of iron content for laminated varnished core by volume. This lamination stacking 

factor is the same for both stator and rotor, and the value is 0.97. Also, to analyze the 

cooling system, ambient temperature is excepted as 40 ºC and radiation emissivity is 

0.9. 
4.4.2 Thermal Calculation Steps and Formulas 

Motor thermal calculations ought to be done because of cooling issues. Thermal 

losses, temperature contrasts among districts and thermal loads on motor influence 

motor performance and efficiency. For thermal calculations, we need a few coefficients 

identified with heat transfer types which are convection and conduction for our case.  

Thermal losses are calculated by taking references the speed as 420 rpm. Then, 

the following formula used. 

     

 
For the Stator back iron: 

P[input] = 30 W, Speed[REF] = 420 rpm, Coef[A] = 1.5, P[Speed] = 30 rpm 

 
Shaft Speed = 420 rpm 

For the Stator Tooth: 

P[input] = 40 W, Speed[REF] = 420 rpm, Coef[A] = 1.5, P[Speed] = 40 rpm 
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Shaft Speed = 420 rpm 

We can see that there is no lost for the shaft. 

For the correct value of current, we need to interpolate the current values. 

 
Fig. 51: Motor RPM vs Current Table 

For the 420 rpm , current = 43 - 25/11 

I = 41 A 

Other than coefficients, we need to ascertain heat disseminated from windings 

and it is characterized by following formula. 

    

 for area where thermal calculations are done 

I = 41 A 

 =8.78 W 

      

    

 

0.003485  

  

 
 = 40 ºC 

 
 ºC 

 
4.4.3 Thermal Design Process and Inputs 

Cooling System is preferred as a self-ventilated, and motor orientation is 
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determined horizontal as an input. For the cooling, lamination stacking factor for both 

stator and rotor is 0.97; ambient temperature is chosen as 40 ºC and radiation 

emissivity is 0.9. 

Losses are determined by considering reference speed 420 rpm, and by using 

thermal loss equation, stator back iron and tooth are lost some power, which is 30 and 

40 Watts respectively. The other components of the motor do not lose power at 420 

rpm, and the losses are like in Fig. 52. 

 
Fig. 52: Motor Power Losses for Thermal Analysis 

Mechanical properties and materials are selected by mechanical design part. 

Mechanical design is quite critical to analyze the model as a thermal. 

For the ventilation, constant flow rate is determined, and air properties is 

determined for the ambient temperature. Fluid volume flow rate is selected as 1497 

. 
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Fig. 53: Thermal Schematic Design  

The schematic of the predesign of our motor is like in Fig. 53. 

4.4.4 Thermal Analysis Results 

 
Fig. 54: Thermal Schematic Analysis Model 
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Fig. 55: Thermal Schematic Analysis Model in terms of Power 

 
Fig. 56: Thermal Schematic Analysis Model in terms of Resistance 

The Schematic block diagram of the thermal analysis model is like above 

figures, the schematic diagrams include details temperature results. Resistance 

diagram is designed the system in terms of thermal resistance. Power diagram is also 

created at the same method with resistance diagram.  

 When the Fig. 54 is considered, the rotor surface and magnets reach 155 ºC, and it is 

expected   because   the   rotating part of the motor  is   rotor, so it is expected to reach  

maximum values in terms of temperature 
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Windings are the most conductive material in terms of temperature, and so the 

windings are heated too much, which causes that the highest temperature is at 

windings. 

 
Fig. 57: Motor Radial Thermal Results 

 
Fig. 58: Motor Axial Thermal Results 
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Fig. 59: Motor FEA Results 

Finite Elements Analysis is done for axial view in order to observe the 

temperature change during motor parts. As a result of all of these analysis, the thermal 

model of SPM BLDC motor will not face any huge performance losses or problems in 

terms of thermal situations. 

4.5. Manufacturing Processes 
A production scheme was prepared for the production of engine 2, whose 

design and analysis were completed. The production methods to be used in this 

scheme were determined. It was determined that there was a need for the use of 

CNC lathe, CNC Milling, Laser cutting machine. Company studies were carried out 

on the determined methods. After the sponsor negotiations, the processing of the 

parts such as stator, rotor, rim spacer, magnet in the desired dimensions was started. 

Technical drawings of the machined parts are given below in detail. Sldprt extension 

track files are also available at the specified link. 
4.5.1 Manufacturing Parts by Using CNC Machines 
Motor Carcass (Body) 

Solid part of the carcass of the motor is given in the lower. Technical drawing 

and technical datum are provided in the link at the end of the manufacturing part. 

CNC Lathe Machine is used to manufacture carcass of the motor. 

 
Fig. 60: Body of the motor SolidWorks Design 
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Fig. 61: Body of the motor           Fig. 62: Stator and Body of the motor 

 
Fig. 63: Technical Drawing of the Body Part of The Motor 

Motor Shaft 

Motor Shaft is made by AISI1045 Steel. To manufacture Motor shaft, we utilized 

from CNC Lathe and CNC Milling Machines. Technical drawing and some of motor 

shaft photograph are given in lower parts. M4 bolts are used to fix the motor shaft. 

There are 6 M4 bolt holes for fixing process. 

 
Fig. 64: Shaft 
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Fig.65: Shaft Design in SolidWorks 

 
Fig. 66: Technical Drawing of Shaft 

Motor Rotor 

Motor rotor manufacturing process and detailed technical drawing are given in 

lower parts. To manufacture rotor parts, we utilized from CNC Lathe and CNC Milling 

processes. M8 Holes are used to fix rotor parts. As it can be seen from the visuals, 

there are holes on the same axis with stator part. These elliptic holes are made for air 

cooling system. 

Fig. 67: Rotor 
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Fig. 68: Rotor Design in SolidWorks 

 
Fig. 69: Technical Drawings of The Rotor 

Rim Connection Element 

 
Fig. 70:  Rim Connection Element Design in SolidWorks  
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Fig. 71: Technical Drawing of The Connection Element 

4.5.2. Manufacturing Parts by Using Wire Erosion Machines 
Motor Stator 

Stator is made by non-grain-oriented electrical steel. There are 96 stator plates, 

and these plates are pressed with 0.95 stacking factor. Each plate width is 0.5 mm. So 

that, total package size is equal to 48 mm. 

 

Fig.72: Stator Design in SolidWorks         Fig.73: Stator 

 
Fig. 74: Technical Drawings of The Stator 
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Motor Magnets 

 

Fig. 75: Magnet in SolidWorks         Fig. 76: Technical Drawing of The 

Magnet 

Winding Process 

 
4.6.Comparing Table 

 
Fig. 77: Comparing Table 
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5. Motor Driver 
(https://drive.google.com/drive/folders/1cc2ER7MpQpJ1KK4wDuOJRbN7

CUgsJeC3?usp=sharing) 

5.1 Circuit Design 
Since phase driver modules are the central parts that need to be designed; 

thus, we started our project with this portion of the motor driver. The module has four 

main parts: The driving IGBTs, HI-side LO-side driving ICs, protection circuitry, 

measurement circuitry.  

For determining what sort of transistors we would use, we have looked for the 

performances of different types of transistors, i.e. IGBT, MOSFET, BJT. To begin 

with, MOSFETs can turn on and off easily and can have low voltage drop-outs but 

most MOSFETs cannot work under our motor’s current limit. BJTs can work in such 

limits but they have high voltage dropouts, and they are less desirable in higher 

frequencies. IGBT is a compromise between these two models, meaning their turn 

on times are reasonably fast, even on par with some MOSFETs, and they can handle 

high current without significant losses. Hence, we have decided to work with IGBTs. 

 
Fig. 78: Output Characteristics of IXXH80N65B4H1 @ TJ = 25°C 

The main constraint for our design was the power of the motor. As the motor 

we are dealing with works at 72V and approximately 100A, we have looked for 

transistors which can withstand such current without dissipating a significant amount 

of power. After making some market research, we have decided to use the IGBT, 

IXXH80N65B4H1 (Q1). We have calculated the turn-on time of the transistor from 

the data we gathered from its datasheet. Specifically, we have looked for the input 

capacitance which is 3860pF and since we decided to use a resistance of 10Ω (R2) 

at the gate side, the turn on time of the input side turned out to be 156ns. Bearing in 

mind the fact that the transistor operates in 5-30 kHz range, the turn on time would at 

most take 0.468% percent of the entire period, which is the case when the operating 

frequency is 30 kHz. Considering that we are planning to drive our motor at about 

10% duty cycle, this is a quite affordable delay. In addition to that, the turn off time of 

https://drive.google.com/drive/folders/1cc2ER7MpQpJ1KK4wDuOJRbN7CUgsJeC3?usp=sharing
https://drive.google.com/drive/folders/1cc2ER7MpQpJ1KK4wDuOJRbN7CUgsJeC3?usp=sharing
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the transistor should be faster due to the Schottky diode D1, which will be on when 

the transistor discharges. As for the current rating, the continuous current rating of 

the transistors is 80A at 110°C, which is below our motor current rating. However, we 

do not expect our motor to draw 100A continuously, such high currents will only be 

needed at the start of the motor, which should be met by the 25°C current limit of the 

transistor, 160A. Aside from that, high currents can also be observed at short 

durations during continuous operation, but our transistor can withstand such spikes 

up to 430A for 1ms duration. The voltage dropout of the transistor is about 1.8V (see 

figure x) for 15V drive voltage at 100A which is best among its class and considering 

that the motor 100A in its continuous operation minimal power dissipation will be 

observed. 

The high and low side driver was chosen considering the characteristics of the 

IGBTs. As seen in the characteristic curves of IGBTs, to avoid saturation of the 

transistors 15V should be applied between the gate and emitter terminals. The turn 

on time driver should at least match the turn on time of the IGBTs we have used. 

According to those specifications, IRS2005S (U1) was a viable option which we 

chose to include in our design. Since the current output of the driver is about 300mA, 

the driver does not affect the turn on time of the transistors significantly. 

Furthermore, this design utilizes an external diode for its bootstrap circuit, which  

means that a diode with low turn on voltage can be chosen for increasing efficiency. 

Our design utilizes S100_R1 Schottky diode (D3) for this purpose. The capacitance 

of the bootstrap capacitor (C5) was chosen accordingly to the manufacturer 

guidelines, as 100nF. Two input capacitors with 1𝜇F (C2-C3) capacitance were used 

in order to meet any sudden current demands from the driver ICs.  

 

Fig. 79: The high and low side driver with its connections 

To protect the IGBTs from both collector-emitter and collector-gate 

overvoltage, we have utilized two different subcircuits for that purpose. The first one 
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is a snubber circuit which consists of a Zener diode (D4) and a 10KΩ resistor (R3) 

connected between the gate and the emitter of the IGBT. This circuit regulates the 

gate-emitter voltage with 1N5355BG Zener diode, which has a Zener voltage of 17V. 

In this way, the maximum value of the gate-emitter voltage of the IGBT, which is 20V, 

will not be reached in case of an overvoltage. The 10KΩ resistor will decrease the 

power dissipation on the Zener diode when the diode is on. For the protection of 

collector-emitter side we have used an RCD circuit which clamps the high voltages 

that could be created by the desynchronization of the high and low side IGBTs. This 

circuit also assures the current on the inductor of the motor is discharged. The 

specific values of D2, R1 and C4 were tuned in simulations. 

 
Fig. 80: IXXH80N65B4H1 with its protection subcircuits 

We have utilized three measurements systems in order to obtain feedback for 

the performance of the driver module, which are achieved with current, voltage and 

temperature sensors.  

Our design takes voltage feedback from 72V input itself, and three phases. To 

obtain voltage feedbacks directly from the phase driver outputs, a circuit constructed 

by OPAMPs and linear opto-isolators are used. At the input side, R27, R28 and R29 

scale the 72V phase voltage to be in between 0-3.3V, as 3.3V is the maximum input 

voltage of the MCU. The capacitor at the input side (C34) acts as a low-pass filter to 

average the scaled phase voltage. As a protection from overvoltage, the Schottky 

diode D23 clamps the scaled voltage at 3.7V. The input side OPAMP (U13A) creates 

an output voltage and activates an LED inside the opto-isolator, LOC110P, to pull its 

negative terminal to GND. This LED drives two coupled photodiodes inside the opto-

isolator one connected to the input side, the other connected to the output side. As 

these two photodiodes are coupled, the current over R28 and R25 will the same. 

Therefore, if the OPAMPs are not in saturation, the input side OPAMP will create 

enough current to pull its negative terminal to GND, and as the same current flows 

through R25 the output voltage of the output OPAMP (U14A) will be equal to the 
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scaled voltage. To ensure this, the values of R25 and R28 must be equal and 

OPAMPs should be in the linear region. The main challenge in choosing the 

component values for this circuit is to make sure that the OPAMPs stay in their 

current limits and their linear regions. To ease this procedure, OPAMPS with a high 

current output is chosen, AD826ARZ, with a value of 50mA. Then, the resistor values 

were tuned in the simulations to ensure the linear operation of the OPAMPs. The 

negative side of the output side OPAMP is connected to -3V to give it a wider range 

of operation. This negative supply is not important in the input side due to the pull up 

resistor R26 at the output of the OPAMP. The scaled voltage is finally corrected at 

the MCU. 

 
Fig. 81: The voltage feedback circuit 

To supply power to various ICs and passive components, we have devised a 

circuit which yields different voltages top supply both the analog driver module and 

the MCU module which is galvanically isolated from the rest of the circuit. There are 

five different power rails used in the circuit, three of those are used at power 

components at driver side, the other two are isolated from the driver side and used to 

power the MCU and different feedback circuits that input mesaurements to the MCU.  

All driver side power rails are created using 24V input which we obtain from 

the battery unit. The three voltage levels are generated in a step-down ladder 

arragnement using three different LDOs. Using buck converters instead of LDOs 

would have yield more efficieny than the LDOs; however, buck converter ICs must be 

used with external inductors. Both the buck converter ICs and the inductors could not 

be sourced in Turkey; therefore, we have decided to work with an LDO based 

design. Following modules were used: 

- L7815CD2T-TR (U10) for stepping down from 24V to 15V 

- LM78L12F-HTC (U*1) for stepping down from 15V to 12V 

- LM1117MP-3.3/NOPB (U11) for stepping down from 15V to 3.3V 

We expect high currents flowing through our driver side due to the high power 

of our motor. This means that, any sensor connected to a common ground with the 

driver will suffer from high amounts of noise. This noise will corrupt the ADC 

measurements of our MCU. To avoid that, we have decided to isolate the MCU and 

the sensors which it communicates with, from the driver side. The most popular way 

to achieve galvanic isolation is to use transformers, but a transformer is rather hard 

to implement and takes much space in the PCB. Thus, we opted for using an 
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isolating module, RI3-1212SQ (PS1), which can provide up to 4kV of isolation. The 

main drawback of such an isolation module is its low current output; however, 800mA 

ouput is sufficient for driving our circuits. To isolate MCU connections, linear opto-

couplers, LOC110P, were used to voltage feedback mesurements; hall effect current 

sensors, ACS714LLCTR-50A-T, were used and the digital isolator ADUM1200ARZ 

was used to isolate the PWM output of the MCU from the driver. The MCU side also 

needs a -3V supply to increase the output range of the voltage feedback output 

OPAMPs. This voltage is created by the charge pump LM828M5X/NOPB (U12), as 

this design does not require an inductor and the feedback OPAMPs reqire 

insignificant current. 

 
Fig. 82: The power rails 

5.2.Control Algorithm 
To control the BLDC motor we have built a classic DC motor commutator 

system. In a brushless system the commutator is the brush, in the case we have 

designed a digital system which can be seen below. The motor control will be done 

by hall sensor feedback and back EMF sensing. According to these outputs the 

voltage applied to the phases will vary. To increase the speed of the motor applied 

voltage will be increased by changing the duty cycle of the applied PWM signal to the 

motor driver. We use trapezoidal electronic commutation for the control algorithm.  

To begin with, we have bought a gas pedal which gives digital output. We looked at 

the datasheet of the gas pedal and saw that it works with a hall sensor. The hall 

sensor works with an open drain transistor and internal pull-ups. It works with +5V 

and it scales the applied voltage with reference to applied magnetic field. When the 

pedal is released the output is 2V and when it is completely pushed the output is 4V. 

We measured the hall way and it was around 3V. So we have a linear relation 

between 2-4V. This will be used on the duty cycle of the PWM signal to increase the 

voltage applied to phases of the motor. 
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Fig. 83: Driver Control Block Diagram 

The PWM (Pulse Width Modulation) signal is the controller of the applied 

voltage. It is commonly used to driver DC motors. As we are using IGBTs, they need 

to be turned on and off the change the voltages on each phase. The voltage applied  

to the motor is controlled by the PWM duty cycle. The voltage cannot be adjusted by 

a potentiometer or any other device because there would be power loss. The 

simplest way to control a DC motor is to change the duty cycle of the PWM signal to 

change the average voltage applied. It can be seen in figure below.  

 
Fig. 84: Gas Pedal 

 

Turn and off times of the transistor adjusted to be very short such that in large scale 

the voltage applied to a phase is recognized as DC Voltage by the motor. In our case 

we will use 50kHz PWM signal. 72 V volts maximum will be applied the driver 

circuitry. As the gas pedal is pushed, the duty cycle of the PWM will be adjusted 
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between 0-100.  

  

The feedback for changing the given phases to motor will be done by getting 

the hall effect sensor and back EMF data. Normally, in a single motor either hall 

sensor or back EMF is used. However, as we want to have high accuracy, we will 

check both of them for higher accuracy. For this, their outputs will be synchronized 

and this will be encoded to the MCU. We will mainly focus on the hall sensor data, 

and use the back EMF to control whether it is working correctly. 

Hall sensors are placed across the stator the get the position data of the rotor and 

vice versa on a BLDC motor. In our case, we will place the Hall Effect sensors on the 

stator to recognize the positions of the magnets on the rotor. There are some 

requirements to place these hall sensors. They must be placed 60 electrical degrees 

apart. What is meant by electrical degree is: 

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒 𝑝𝑒𝑟 360 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒 =
360 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒

# 𝑜𝑓 𝑝𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠
 

Between a pole pair 360 electrical degrees change. Because of this, 

mechanical degree of 360 (encirclement of the motor) must be converted to the 

electrical degree. To satisfy 60 electrical degree rule we must divide the equation 

above to get: 

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒 𝑝𝑒𝑟 120 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒 =
360 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐷𝑒𝑔𝑟𝑒𝑒

6 ∗ # 𝑜𝑓 𝑝𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠
 

 
Fig. 85: Hall Sensor and Degrees 

We are using 10 pole pairs which gives we must place hall sensors 6 

Mechanical Degrees apart. However, this does not give a meaningful results and 

some other solution must be used. 60 degree rule says that, integer multiples of the 

found mechanical degree separation can be used. To choose this integer multiple I 

must consider the number of stator slots. 
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Fig 86: Hall Sensor Placements 

In our motor we have 18 stator windings, which gives 20 mechanical degrees 

per winding. We will use the 5th multiple of found mechanical degree. Hall sensors 

will be place with 30 mechanical degree apart as shown above. In this way, electrical 

rotation of the motor will be recognized by the MCU.  

 
Fig. 87: Driver I/O Connections 

Hall sensor outputs will be adjusted as shown above. 12V input voltage will be 

given to it drawn from the LDO on the motor driver. 

For the Hall sensor we use Allegro A3144. It gives digital open collector output which 

can be used with suitable pull-up. In our circuit we did not externally use pull-ups 

because Arduino Mega already has internal pull-ups on its digital I/O pins. According 

to the outputs of these sensors, the phases are shifted. 

We are using trapezoidal control algorithm, rather simple and cheaper. It generates 

smooth and constant torque. One downside of this algorithm is the noise generated 

by the high switching frequency. All the theory told above can be explained by the 

figures below. 
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Fig. 88: Phase and Hall Sensor Outputs 

a, b and c are the hall effect sensors place 60 degrees apart. As the status of 

the hall sensors changes, voltage given to phases U, V and W is changed. This 

algorithm can also be seen on the table below.  

 Fig. 89: Phase and Hall Sensor Outputs 

Where NC represents No Commutation/No Voltage. This 8 situation will be 

encoded the MCU and according to the output of the Hall sensors Phases will be 

shifted. 

Also as spoken in the a) section we have built a back EMF circuitry. We will 

use this circuit to double check the taken data from the hall sensors. Their 

synchronization will be done according to table below.  
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Fig. 90: BackEmf and Hal Sensor Outputs 

 

The trapezoidal control name origins from this trapezoidal shape of the Back 

EMF of the phases. 

In addition to these sensors, we have current and temperature sensors. 

Temperature sensors does not directly interact with the control of the motor but the 

current sensor does. In take-off, maximum torque is required resulting in very high 

currents. To avoid this, these current sensors will limit the drawn current. It doesn’t 

matter how much voltage is given from the gas pedal output, if the current goes 

above 80A, the duty cycle of the PWM signal will be adjusted to draw maximum 80A. 

This will be only done at the start, because some ripples may occur during the race 

and such limitation would harm the driver algorithm. 

5.3. Simulations 
The simulations were set up for phase driver modules and voltage feedback modules 

as those are the most complex parts of our driver design. Following the design 

guidelines presented by the datasheets of the other modules were sufficient. All 

simulations were done in LTSpice by importing appropriate models for our 

components. The setup and the results of the simulations are presented below. Note 

that the motor is modelled with an inductor (L1) and a series resistance (R1), with 

parameters 0.1H and 10kΩ, respectively. 
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Fig. 91:The simulation set-up for a single phase in LTSpice 
 

To test a single phase driver, a 50% pulse-width modulated signal with 3.3V 

amplitude at 30 kHz was given at the high and low side inputs.  

 
Fig. 92: High side input 
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Fig. 93: Low side input 

As it can be seen from the output waveform below, the circuit works as 

intended and turns phase transistors on and off at the correct time. The amplitude of 

the voltage waveform also turned out to be in its expected value. 

 
Fig. 94: Output waveform 

         Below, you may observe the turn on time of the IGBTs we used, it is about 

331ns which corresponds to approximately 1% of the period. Although this value is 

higher than our expectations, it is still in an acceptable range as we are planning to 

use the driver at 10% pulse width minimum. This deviation from the intended value of 

156ns can be explained by the capacitances which we did not consider, such as the 

gate to collector capacitance.  
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Fig. 95: Turn on time of the transistor switches 

According to our simulation the driver approximately consumes 150W, mostly 

due to the voltage dropout of phase IGBTs. This power consumption may seem 

significant but considering we are planning to drive a 1.5kW motor, this power 

consumption is relatively small.   

 
Fig. 961: The instantaneous power consumption of a single IGBT  

given together with average dissipation 
To test the voltage feedback circuit, a sinusoidal signal that ranges from 0 to 72V was 

given at the input (see figure 15), we are expecting to observe the same waveform at the 

output but instead ranging between 0 to 3.3V.  
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Fig. 972: The schematic of the voltage feedback circuit 

 
Fig. 98: The sinusoidal input signal for the voltage feedback circuit 
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Fig. 99: The scaled voltage at the input side shown with red and the output signal shown with green 

As it can be seen in figure 16, the green waveform follows the scaled voltage 

waveform perfecty between 0.3 to 3.3V. However; below 0.3V, due to the upper 

bound of saturation of the input OPAMP the output voltage form is clipped. The 

range of the input OPAMP cannot be improved as the LED pull-up resistor and the 

input OPAMP are using the same 12V supply. This means we cannot effecitvely 

measure values below 6.55V. This does not concern us because we are planning to 

use the driver at 10% pulse-width minumum, which correponds to 7.2V. 

The schematics of each part are presented in the following pages. 
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Fig. 100: Sheet of connector of hall sensors and 24V input 
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Fig. 101: Sheet of Phase A

Fig. 102: Sheet of Phase B 
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Fig. 103: Sheet of Phase C 

 
Fig. 104: Sheet of power supply unit 
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Fig. 105: Sheet of voltage feedbeck circuit 1 

 
Fig. 106: Sheet of voltage feedbeck circuit 2 
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Fig. 107: Sheet of temperature sensors 

 
Fig. 108: Sheet of the MCU’s connectors 

 
5.4. PCB Design 
We have worked with Altium Designer (21.5.1) to draw the schematics and design 
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the PCB.  

The most fundamental design consideration for us was the cooling of the 

PCB, as the IGBTs will surely dissipate a great amount of heat. Consequently, we 

planned to place all six transistors very close to the edge of the PCB, where they 

would be connected to a heatsink which would act as a side of the motor driver’s 

metal case. With that way, the transistor will be cooled extensively, as all of them 

would be connected to a heat sink of 30 cm length. Aside from cooling, there were 

two major issues: Connecting the driver to the motor and the number of layers and, 

which effectively defined the boards shape and connections.  

We decided to connect the 72V input to the PCB with a cable shoe, which will 

be placed on a 669.291x 787.402mil rectangular pad which has a hole in with 

393.701mil diameter, then it will be locked in place with a bolt and a nut. Although, 

this approach seems impractical as essentially, we will be unable to disconnect the 

power without a spanner, we will very rarely want to disconnect the power from PCB. 

Even if we want to disconnect it at an instant, we can still do that with the emergency 

power-off switch we utilized with a DC contactor. The cable shoe will also be useful 

since we do not wish to have a loose connection. The cables will enter to the driver’s 

case from the side that is closest to these pads. Likewise, the 24V input will also 

enter from the same side, as it is located near the 72V pads. 

 
Fig. 109:The 72V pads where the cable shoes will be connected,  

given together with the connector of 24V input near  
the closest side where the cables will enter from 
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Fig. 110:Layer stack-up manager, showing the PCB’s configuration 

We decided to work with four layers, as the number seemed ideal for optimizing the 

board’s dimensions; it would also contribute to the cooling effort with enabling larger 

copper pours, as one layer can be reserved entirely for ground connections. We have 

selected Layer 1 for that purpose.  

As for the signal connections, since we selected mostly surface mount components, 

using the top layer for that purpose was logical. Otherwise, we would have needed to 

use an excessive amount of vias, which would be hard to implement in the limited 

space we had. 

 
Fig. 111: Top layer traces, mostly used for the connections  

between the components, displayed in red 
 

Layer 2 was also used for the connections between the components, where 

traces of the top layer would limit each other. Furthermore, we connected the phase 

output pads in this layer, from where we will take the phase outputs with cables 

which will again be connected to their respective pads with cable shoes which will be 

locked with bolts and nuts. The cables will go out of the box from the very same side 
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where the input cables get into the case. The pads and the PCB itself will be 

protected from high heat as much as possible since we used large copper pours to 

connect the transistors to the output pads. Nevertheless, the main use of Layer 2 is 

to establish the power rails for the different voltage levels on the PCB.  

 
Fig. 112: Layer 2 traces and copper pours, mostly used  

for establishing power rails, displayed in cyan 
Likewise, the bottom layer was utilized for the power rails especially where Layer 2 

was impractical to use. Though the main role of the bottom layer is to host the high 

current connections, meaning the phase connections and 72V input. As it can also be 

observed in the figure below, we used wide copper pours instead of traces to connect 

the power to transistors. This is not only preferable in terms of the effective 

resistance of the connection we use, but it is also quite important for heating 

purposes. The connections between the two transistors in a single phase were also 

done with copper pours, as high current passage is also expected through those 

connections. 
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Fig. 113: Bottom layer traces and copper pours 

for phase connections, displayed in blue 
As also elaborated on in the previous parts, isolating the MCU and its 

connections from the driver was of paramount importance, to obtain noise free 

signals at the MCU side. However, before that, we needed to connect the MCU to 

the driver. The fashion in which we would achieve that was also another issue. 

Connecting the MCU, to where enters vital information to be processed, with jumpers 

would be too risky, as the car will go through challenging bumps or bends at high 

speed, which could end in a loose contact. To ensure stability and robustness, the 

MCU will be mounted on the PCB itself in a piggyback arrangement, with this way 

the chance of a loose contact will be minimized.  

We placed 8-pin, 10-pin and 12-pin connectors accordingly to the shape of the 

MCU’s board at the very center of the PCB, where the MCU will be mounted. With 

doing that we obtained a rough outline for placing the two separate ground layers, 

where MCU’s ground would be located in the middle surrounded by the ground of the 

driver circuit. With that sorted out, the power supplying circuitry and the voltage 

feedback circuits were placed in their optimal positions in the circumference of the 

MCU’s connectors to establish the isolated ground plane which belongs to the MCU, 

as seen in the figure below. The copper plane encircling the MCU’s ground is 

connected to the negative terminal of the 72V input. Thus, we also established the 

ground of the driver circuit. As it can be observed in the figure below, the two 

grounds are separated from each, at least for 60mil. In retrospect, this has both 

advantages and disadvantages. The advantage is the minimum distance between 

two layers which is 60 mil, which is something desirable for isolation purposes. The 

alternative was to use different layers for different grounds. With that way, we could 

have assigned much greater space for both grounds which be very effective for 

cooling; but at that case, the separation between them would at most be 21mil, as 
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that is the separation between the top layer and bottom layer. Even that number is 

not realistic because the top layer must be reserved for the connections between the 

components. In that case, using Layer 1 would be the best option, but that would 

provide 17mil separation at most, which would provide poor isolation. In short, we 

favored better isolation over cooling as a design choice.   

 
Fig. 114: The unisolated and isolated (center portion) ground layers, 

 both represented with yellow copper pours 

The 3D images of the PCB can be observed below, for both top side and bottom 

side, respectively. Note that the mounting holes share the dimensions of the holes in 

the power pads. 

Fig. 115:Top side 3D view of the PCB as obtained from Altium Designer 
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Fig. 116:Top side 3D view of the PCB as obtained from Altium Designer 
 

Fig. 117: Bottom side 3D view of the PCB as obtained from Altium Designer 
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5.5. Fabrication  
First, we have order our components mostly online. Deciding on the connectors was 

another challenge on the fabrication. All of the connections must match. Hall sensors 

will go to motor, 72 and 24V will go into the box, etc…As this report is written, they 

are on shipment. 

For high power connectors we have used 4awg 3/8 Lug Terminal. We plan to 

connect them with screws to the PCB. There is no current limitation when lug 

terminals are used. They can be seen below:  

 
Fig. 118: Lug Terminals 

For low power inputs/outputs we have decided to buy terminal blocks. As shown in 

PCB we will connect input and outputs with a 12x1 terminal block.  

 
Fig. 119:Terminal Block 

Fabricated box is planned to be shown as below. Its dimensions will be 20x30x5 cm3 

. OZDAS0123L300 heatsink will be used as it fits the given dimensions. The type of 

the heatsink can be seen below: 

 

 

Fig. 120: Heatsink and Driver Box 
It will occupy on side of the box and IGBTs will be screwed to it. As it is a metal it is 

conductive. To avoid short connections of the IGBTs we will use an electronic 

isolator, heat conductor material. For this we will use MK3306 Mica isolator between 

the IGBT and the heatsink. The resulting manufacture is planned to be as shown 
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below: 

 
Fig. 121: Planned Manufacture 

 
During the writing of this report, our PCB manufacturer is on break due to the 

Muslim Festival of Sacrifices. So, we haven’t manufactured the BMS yet at this point 

in time. We have order the components online. 

5.7. Motor Drive Protection 
The current sensor, ACS714LLCTR-50A-T (U3), makes use of a hall effect 

sensor to measure the current outputs of each phase. This method assures that the 

MCU measurements are not affected by the high current flow in the phase driver as 

the hall effect sensor does not have a physical connection to the phase. The 

maximum current rating of the current sensor is 50A: thus, two shunt resistors have 

been placed (R7-R8) to avoid overcurrent. The values of the shunt resistors were 

calculated using the internal resistance of the current sensor which is 1.2mΩ. These 

shunt resistors scale the measured current value which is later corrected by the 

MCU. The input filter capacitor (C7) was chosen using the guidelines provided by the 

datasheet. 

 

Fig. 122: The configured current sensor 
 

 

As told in the control algorithm part, the current sensor will adjust the PWM 
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signal according to the current drawn. If current goes above 80A, this will be 

activated and PWM duty cycle will be adjusted to draw maximum 80A. 

For the short circuit protection we are not using anything additional. We are directly 

working with the 72V which is the main power supply. Inside the power supply there 

already exists a fuse for short circuit. However, as told above, we have high current 

protection, and if necessary PWM duty cycle will be set to 0 to stop the driver. All 

digital I/Os will be disconnected. 

 

To ensure that our circuit is working under optimal conditions, we have installed three 

separate temperature sensors, MCP9700T-E/LT, (U17-U18-U19) across the PCB. 

One is located in the close proximity of the IGBTs, in order to check the performance 

of the driver. The second is near the power rail to make sure that the main 

components of the driver are working in their terminal limits. The final one is under 

the MCU module which is connected to PCB in a piggyback arrangement. 

 
Fig. 123: Temperature sensor 

5.8. Pricing/Bills 

 
Fig. 124: Pricing (Name, Unit Price, Total Price) 
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6. Battery Management System 
6.1. Balancing 
 

 
Fig 125: Balancing Circuit 

As seen in figure above, the main parts of the balancing circuit are the 

BSS308PE p-channel MOSFET and the 33Ω power resistor. 

6.2. State Of Charge Estimation 
In order to calculate state of charge (SOC), we will be using to voltage curve 

of the used battery cells from its datasheet and creating a look up table based on this 

curve and estimating the SOC from that look up table. 

6.3. Control Algorithm 
During operation, the LTC6804s measure the cell voltages one by one by 

connecting the cell pins to the ADC with internal MUXs. These measurements are 

written into the internal registers of the IC. Based on these measurements, if the 

discharge is enabled, then the switches will either be turned off or on to balance the 

cells. As these measurements and pin controls are internally done by the LTC6804, 

we didn’t write any external battery management algorithm.  

6.4. Schematic 
For the battery management system of our vehicle, we designed a circuit 

based on the integrated circuit LTC6804, manufactured by Analog Devices. This 

integrated circuit (IC) can passively balance up to 12 batteries in series. As our 

battery pack has 20 cells in series, we used two of these ICs with isoSPI (isolated 

Serial Peripheral Interface) communication between them with one of them being 

connected to the BMS microcontroller. This IC is chosen because of its number of 

possible cells and the fact that the IC can be stacked in order to increase the number 

of cells. The balancing circuit of the BMS is designed in accordance to the layout 

guidelines given in the LTC6804 datasheet.  



82  

For the microcontroller of the BMS, we chose the Arduino UNO for its 

availability, expandability and convenience. It has many libraries available and it has 

many requirements on-board such as 5V and 3.3V regulators and the USB 

programmer. In addition to the LTC6804 ICs and the Arduino, the BMS board also 

includes 2 relays for cutting the power to the rest of the vehicle from the battery. For 

communication between the battery and the rest of the vehicle, there are RS232 and 

RS485 ICs on the board. 

For temperature and current measurements of the battery, the LTC6804s’ 

GPIO pins are used as these pins as they are internally connected to the two 16-Bit 

Delta-Sigma analog to digital converters (ADCs). [1] We didn’t use the Arduino’s 

internal ADCs because it is a 10-bit ADC.  

In addition to the components mentioned above, the PCB also has 2 12V 

regulators. One of these two regulators can be connected to the Arduino Uno’s 

voltage in pin with a jumper connection. The used regulators are L7812CV linear 

regulator and LM2596 switching regulator. 
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Fig 125: Full BMS circuit 
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 Fig. 126: BMS microcontrollers and peripherals schematic 

6.6. PCB Fabrication 
To produce the printed circuit board (PCB) of the BMS, we used Altium Designer 21. 

After talking to our PCB manufacturer, we decided on a 4 layer PCB that has 2oz 

thick top and bottom layers and 1oz internal layers. The top and bottom layers are 

thicker than internal layers because during the design, we used top and bottom 

layers specifically for power lines and internal layers for signal lines. As stated before, 

the two LTC6804s are connected with isoSPI protocol and the master LTC6804 is 

connected to the Arduino Uno with SPI protocol.  
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Fig. 127: 3D render of the PCB from Altium Designer 

 
Fig. 128: Top Layer of the PCB 
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Fig. 129: Signal Layer 1 of the PCB 

 
Fig. 130: Signal Layer 2 of the PCB 
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Fig. 131: Bottom Layer of the PCB 

6.7. Production 
During the writing of this report, our PCB manufacturer is on break due to the 

Muslim Festival of Sacrifices. So we haven’t manufactured the BMS yet at this point 

in time. 

6.8. Comparison Table: 
 

 
Old Design Current Design 

Cell Packaging 21S15P 20S13P 

Output Voltage (Nom.) 77.7V 74V 

Output Current 51A 44.2A 

Balancing type Passive Passive 

SOC estimation Current output integration Voltage curve estimation 

Self-made Yes Yes 
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7. Charging Unit 
7.1. Schematic Design: 

 In order to charge the battery pack efficiently and quickly, we decided we need a 

converter that can supply 10A with 84V. We decided to use full bridge push-pull 

converter topology as this topology can deliver up to a few kWs. We used two half-

bridge converters - L6386 - with four n-channel MOSFETs - STB33N60DM2. We 

chose these components as the MOSFETs have low Rds(on) resistance and low 

enough gate charge to be turned On or OFF by the driver within 0.1us. As we were 

planning to configure these components with high frequency (~400kHz) it is important 

that the MOSFETs can be turned ON and OFF quickly. 

Fig. 132: Battery charger schematic 
 

7.3. PCB Fabrication 
 The PCB will be fabricated on a 2-layer board with thick traces to accommodate high 

power transfer and the transformer and the inductor will be wound by hand with thick 

gauge wire. We are currently designing the PCB in detail as high power will be 

available. Traces and layers must be carefully done as we are working with line 

voltage. 
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Old Design Current Design 

Topology Not indicated Full-bridge Push-Pull 

Power Level Not indicated 840W 

Output Voltage 88.2 84 

Output Current 10A 10A 

 

7.7. Comparison Table:Table - Comparison Table 

 

9. Battery Package 
  

The nominal output voltage of the battery will be 72V as it varies between 60-84V. 

18650 Type Lithium-Ion cells are used in the battery. Energy density of the cells are 

at least 230Wh/kg. 

The battery capacity is 41.6Ah/3000Wh with 3% tolerance. 

Maximum discharge current is 100A. Nominal discharging temperature is between 0-

60˚C. Nominal charging temperature is between 0-40˚C. 

Battery consists of 20 series and 13 parallel cell connections with voltage 4.2V. 

There exists a 25W-24V buck converter inside the package. 

There exists a buzzer to notify exceeding temperature. Buzzing threshold can be 

adjusted. 

On/Off state of the package is controlled by a contactor, which is also connected to 

the emergency stop button. 

It weighs 35kg. 

Output cables are capable of carrying up to 100A. 4awg cables are used 

 

11. Vehicle Control Unit 
Inside the vehicle control unit, we are planning to do following four functions: 

• d) Communication inside the vehicle 

• e) Error detection 

• f) Vehicle monitoring and displaying data to driver 

• g) Transmission of data via telemetry 
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Fig. 133: Arduino Mega Ports 

 
We are going to build a system working on a single evaluation board Arduino 

Mega 2560 rev3.  

The main reason we are using Arduino Mega is its compatibility with many 

sensors and devices on the market. The vehicle control unit can be considered as 

the brain of the vehicle. All the data is processed by the microcontroller on the 

vehicle control unit. To process all this data, microcontroller should be able to control 

the connected sensors/devices. Using Arduino lets us to interface the devices on 

these vehicle in the simplest way as there are many built libraries of these devices 

for the Arduino IDE.  

As the Vehicle Control Unit communicates with multiple controllers, it is 

important for it to have multiple input and output pins. We have chosen the Arduino 

Mega as it has 4 serial ports, 54 digital input/output pins and 16 output pins which 

can be seen above. As it will control many devices and communicate with other 

microcontrollers, it is important to have these pins. Also, it uses the ATMEGA 2560 

with a clock frequency of 16MHz. Considering the data process it will do, such clock 

frequency will be enough. 

 

d) Communication Inside the Vehicle 
 

To control different subunits of the vehicle, a common communication protocol 

must be used. The Vehicle Control Unit microprocessor will be in contact with the 

microprocessor of different subunits such as BMS, motor driver…As a common 

protocol we have decided to use Serial Peripheral Interface (SPI). Per device it 

requires 4 connections as shown below:  
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Fig. 134: SPI Scheme 

They stand for: 

• MOSI: Master Output Slave Input 

• MISO: Master Input Slave Output 

• SCLK: System Clock 

• SS/CS: Slave Select/ Chip Select 

There are Arduino Libraries supporting SPI, and Arduino board also contains 

pins for SPI: 

MOSI: Digital pin 51, MISO: Digital Pin 50, SCKL: Digital Pin 52. 

In our case the Arduino Mega will be the slave connected to multiple slaves. For this 

reason there will be many SS/CS pins. We will use Digital pins 47, 48, 49 for the 

slave connections to driver and BMS. One extra slave select output will be available 

in case of a subunit addition. 

To select a slave, pin SS which is HIGH by default is pulled to low. SPI 

protocol does not require stop bit which means data transmission can be made 

continuously. This was the main reason we have preferred it over others. Also as 

MOSI and MISO lines are separate, data can be sent and received at the same time. 

This is important for the Vehicle Control Unit as it gathers data from others systems 

and does operations accordingly. 

As we are using Arduinos on other subunits of the vehicle, the connections will 

be done easier and same Arduino libraries will be used on the software Arduino IDE. 

There are functions as SPI.transfer() which makes it easy to use SPI between 

Arduinos. 
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e) Error Detection 

Fig. 135: VCU Block 
The Scheme of the Vehicle Control Unit can be shown as above. It takes 

feedback from subunits of the vehicle and does operations accordingly. After the 

race begins, driver will be alone and there is no communication between the pit. For 

this reason, error detection inside the car and its display to driver is important. 

Every device has reported operating conditions for temperature and current. For 

example, the current sensors on the motor drive will give an error signal if the current 

goes above 90A. The system can operate at 100A, 90A is determined as a safety 

measure. 

As sensors are continuously monitoring the temperature and current drawn 

from the BMS and motor driver, any violation of operating conditions should be 

reported to the driver for safety. For this, we will insert LEDs and buzzers which are 

connected to digital pins of the Arduino Mega. We will insert two CRE-SOUND 

LET1290-05B buzzers with sound greater than 85dB. These buzzers can be seen 

below. They operate at 5V which will be drawn from the Arduino Mega 5V output.  

 
Fig. 136: CRE-SOUND LET1290-05B Buzzers 

 

Also we will insert LEDs to indicate with subunit is experiencing which error. 

For this reason we will use 2 green and 2 red LEDs. We will place them in pairs such 

that on the left side there will be 1 green and 1 red LED showing the status of the 
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BMS. If overcurrent occurs, green LED will be turned on. If BMS overheats, red LED 

will be turned on. The LEDs we will be using can be seen below: 

Fig. 137: KINGBRIGHT- WEJ3B4RD 
 

We have chosen such structure for its usage. KINGBRIGHT- WEJ3B4RD 

LEDs can easily be assembled to the body of the vehicle and their possible 

replacement will be easy. They operate at 24V which we supply with a buck 

converter inside the battery. They will be controlled by the Arduino Mega. A simple 

MOSFET will control the LEDs. 

If an error is detected the power sent to subunits are reduced. For example, if 

the motor draws too much current, for short amount of time the current capacity of 

the driver will be limited. If it overheats, the VCU will not let driver to exceed some 

speed limit. After monitoring nominal values for some time, the LED will turn off.  

f) Vehicle monitoring and displaying data to driver 
Similar to vehicle gauges, we will implement a monitor for the driver to see the 

status of various subunits. In this monitor following four functions will be displayed: 

• Speed of the vehicle 

• Voltage and Temperature of the battery cells 

• Voltage and Temperature of the motor 

• Energy left 

This system can be implemented easily with an LCD. For this we will use the LCD 

Keypad Shield of Arduino. The shield can be seen below:  

 

Fig. 138: LCD Shield for Arduino 
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The shield has an 16x2 character LCD which allows us to display all the data 

required. Every variable (vehicle speed, temperature …) will occupy 4-5 characters. 

For each there will be 1 empty character to distinguish numbers. All of these values 

are between 0-999. Also, 1 decimal place will be available for all of them (i.e. 0.7, 

123.4). For the energy left part, more space will be left. It can be seen below (empty 

strings are shown with grey):  

 
Fig. 139: LCD Design 

 
The reason we chose this shield is its compatibility with Arduino. It also has additional 

buttons which allows to see more characters/switch to a new page. If we wish to 

display more data, we can use these buttons to switch to a new page. This shield 

enables us to show multiple data, and is easy to use while driving. 

g) Transmission of data via telemetry 
In telemetry, we are sending the specified data; speed, temperature, voltage…, via 

RF module. To intervene in case of an error, the pit staff should be able to monitor 

the status of subunits. We have look at the map of Istanbul Park and have decided to 

a use an RF module whose range is 3000 meters. For this reason, we chose Lora 

Sx1278 RF module which operates at 433 MHz, which is the legal bandwidth without 

license for low range broadcasts.  

 
Fig. 140: LORA SX1278 Module 
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Lora transmitter does not require any specific receiver and can be read by any 

RF receiver. For this reason, we have bought a simple transceiver pack consists of a 

small range transmitter and a 433MHz RF receiver. This pack will be used in the 

tests of the Lora Sx1278 module. 

 
Fig. 141: Transceiver 

 
For the transmission, we will use an SMA antenna whose power is enough to 

broadcast with the specified range. We will use DAA043SA045N with 90˚ R/A. It 

works at 433MHz and 5MHz which is a fit for out transmitter. Its VSWR (Voltage 

Standing Wave Ratio) is 1.5, which is very small that indicate the transmitted signal 

is reflect by 4% which is a good ratio for an antenna. Its impedance is 50Ω. It has a 

dBi of 2.15 indicating it does broadcast with some specific angles. However, on such 

long range, it wont be so important. For the receiver, we will use a simple coil 

antenna STX882. Both antennas can be seen below. 

 
Fig. 142: Antennas 

 
The Lora module works with 5V which will be supplied with the Arduino. It draws 

110mA current which again the 5V pin of the Arduino Mega can supply. For the 
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communication it uses UART, TX and RX pins which are available in the Arduino. 

The data can be easily transmitted serially with these ports of the Arduino. Arduino 

Mega has 4 serial ports and we will be using TX0 and RX0, namely D0 and D1 pins. 

Last, its maximum power output is 100mW, 20dBm. Its low power consumption 

despite the longs range was another factor that we have chosen it. 

Their logs will be saved on the computer. However, to ensure record the data we will 

connect a SD card to the Arduino Mega and save all the data there, just like a black 

box of a plane. For this, we will buy a SD card module for Arduino.  

The schematic of the whole Vehicle Control Unit can be seen as below. VCU is a 

dynamic system and the devices connected to it may change over time. Thus, we are 

not planning to print a circuit board for it. Most of the connections can be made by a 

jumper without any passive component and a PCB is not needed for this section. 

However, if the design is finalized and requires some additional passive components, 

a PCB will be generated. 
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Fig. 143: VCU I/O Ports 

A 20x10x5cm metal box will be used for the protection of the MCU. Then it will 

be screwed to the chassis. The jumpers will leave the box as one and go to their 

destinations in pairs. Detailed Schematic can be seen below.  

As shown in the power part, power rails of 3V3 and 5V with digital ground will be 

outputted from the MCU to power necessary devices in the vehicle. 5V output has a 

current capacity of 800mA and 3V3 has 150mA. 

Comparison Table 
 

Old Design Current Design 

VCU Functions i, iii, iv, v, vi, vii iv, v, vi, vii 

Controller HVP-KE18F Arduino Mega 

VCU I/O Not Specified 40 

Circuit Design Not Specified Shown on Schematic 

PCB Design Not Specified - 

PCB Manifacture Not Specified  - 

Software Keil Microvision Arduino IDE 

Experiment - Telemetry and SPI done  

Size Not Specified  20x10x5 (in cm) 
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12. Insulation Measurement Device 
12.1. Circuit Design  
Our circuit design schematic is based on a paper published by AIP Conference 

Proceedings titled “Insulation detection of electric vehicle batteries”. The paper 

proposes a circuit that measures the current passing through known value resistors 

and calculating the insulation resistance value from those measurements. As there 

are two insulation resistances that need to be measured, (plus terminal of the battery 

- ground and minus terminal of the battery - ground) the set resistance value is 

changed with a relay and the measurements are repeated. So, the two unknowns 

can be calculated accurately with these two measurements. 

 

 
Fig. 144: Proposed insulation measurement schematic
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Fig. 145: Insulation measurement device schematic 

 

In order to ensure the resistors can withstand the current passing through 

them, many resistors are connected in parallel and the final value of these resistor 

banks are used for the final calculations. 

 

12.3. Printed Circuit Board 
In order to minimize the number of microcontrollers present on-board, the IMD 

circuit uses the same microcontroller as the BMS circuit. The two circuits are stacked 

with 2.54 mm pitch headers and then screwed to the Arduino Uno. As this is a 

simpler circuit, a 2 layer board is preferred while designing the PCB.  

 
Fig. 146: IMD PCB render from Altium Designer 
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12.4. Fabrication 

 
Fig. 147: Fabricated PCB 

 

In our school lab, there exists a PCB machine. Our technician helped us to print 2 

layer PCB. We assembled the pieces and tried different resistances to test the circuit. 

 

12.5. Tests 
After the code run we saw the following results on the serial port of the Arduino Uno. 

For the 1MΩ: 

 
Fig. 148: Test for 1MΩ: 
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For the 10MΩ: 

 
Fig. 149: Test for 10MΩ: 

Where the sensitivity is not too high as specified below on the comparison table. 

 

12.6. Comparison Table 
 

Old Design Current Design 

Microcontroller HVP-KE18F ATMEGA328P 

Measurement 

technique 

Known resistance 

current and voltage 

measurement 

Known resistance current 

and voltage 

measurement 

Sampling period 10 seconds 10 seconds 

Measurement 

sensitivity for 100kΩ 

Not indicated ~5% error 

Measurement 

sensitivity for 1MΩ 

Not indicated ~5% error 

Size Not indicated 53.5mm x 58.6mm 

 

 

13. Steering System 

 

First part to be produced in the steering system was the towers. Our towers 

(chassis part) are made from aluminum profiles, we cut them according to their 

angles and length in the CAD model then welded them together. Then we designed 

the swing arms and their connections to the chassis. Our swing arm design is a 

wishbone like design. All the swing arms are made from a solid aluminum block. 
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These parts are produced with machining from CNC. For the connection parts of the 

swing arms, we also machined them from solid aluminum blocks then inserted 

bearings to the outer faces of the rod holes. The swing arms are connected to the 

chassis and these connection parts with bolts. 

Camber adjuster and caster adjuster parts are produced from machined solid 

aluminum blocks, they will be connected to the swing arms by 4 M8 bolts. For the 

front swing arms, there are free moving bearings inserted in both parts. 

Our knuckles are composed from various parts, front knuckles include 5 and 

rear knuckles include 3 knuckles. While the center parts of all knuckles and bolt 

housings of the front knuckles are machined from solid aluminum blocks, upper and 

lower connection parts of all knuckles are laser cut from an aluminum plate. We 

assembled our knuckles with welding the necessary parts together accordingly to our 

CAD model. To produce the knuckle connection parts, we needed to use two 

different methods, all the pieces of the part are laser cut from an aluminum plate, 

then welded together to finish the part. 

We choose steel as our axle material. All the axle parts are cut from a steel 

rod then tapped to adjust a M20 fastener. Two M20 fasteners will hold the axle and 

the wheel hub that will hold the wheel and brake disk. 

Our wheel hub consists of 3 components, two disks and a spacer; first disk 

carries the brake disk, and the other disk holds the wheel itself. Both disks are 

welded onto the spacer. Two bearings are inserted into both ends of each spacer to 

finish the product. The disks are laser cut from a metal plate and the spacer is 

machined from an aluminum block with CNC machine.  

Each wheel rim cap is produced from machining an aluminum plate with a 

CNC. 

Steering connections to be bolted into the knuckle are cut from an aluminum 

plate. The angled segment of the connection part is cut accordingly to the Ackermann 

angles of the car. We managed to get accurate angles by drawing 1:1 technical 

drawings and checking the parts on those drawings.  

Various dimensions of steel bolts and fasteners are used in all connections 

between different parts. 

 

 

 

13.1. CAD Design: 
Our supplementary material for CAD Design Part: 
https://drive.google.com/drive/folders/1pNOFm5W7hsy678UESUEehlIfh7uXSSP3?us

p=sharing  (Steering System) 

https://drive.google.com/drive/folders/1XyyFqRVn0sr2Aa-

nQu4hSlXl5MLpEssf?usp=sharing (Assembled Step File) 
 

 

https://drive.google.com/drive/folders/1pNOFm5W7hsy678UESUEehlIfh7uXSSP3?usp=sharing
https://drive.google.com/drive/folders/1pNOFm5W7hsy678UESUEehlIfh7uXSSP3?usp=sharing
https://drive.google.com/drive/folders/1XyyFqRVn0sr2Aa-nQu4hSlXl5MLpEssf?usp=sharing
https://drive.google.com/drive/folders/1XyyFqRVn0sr2Aa-nQu4hSlXl5MLpEssf?usp=sharing
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13.2. Front Suspension Geometry: 
 

  Our goal while designing suspension system of our vehicle was creating a 

system that is suitable for both rules and track conditions and that allows tire 

movements without any restrictions. For these purposes we choose unequal length 

double control arm system and designed suspension components adjustable. By 

doing that, we can change parameters such as vehicles handling, steering toughness 

and stability of vehicle. Since vehicles true driving characteristics were unknown 

during designing phase adjustability created a room for better performance.  

 

1. Control Arms: 

  

  In general length of lower control arm must be as much as possible [1, p.46]. 

Considering the vehicle size rules we designed lower control arm length to be 

between 313mm and 273mm. General rule for upper arm length is it should be 

between 50% and 80% of lower arm length. Thus, we choose upper arm length to be 

159mm.  

 

 

Fig. 151: Lower Arm (CAD Model)                           Fig. 152: Lower Arm 
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Fig. 153: Upper Control Arm Length                    Fig. 154: Upper Control Arm 

  

2. Kingpin Inclination:   

 

For our vehicle we determined Kingpin Inclination angle to be 14.6 degrees as 

it is shown in figure x. Normal vehicles usually have 5-10 degrees of Kingpin 

Inclination [1, p.45]. However, since motorcycle wheels that we use do not have 

positive offset, we choose our kingpin inclination angle to be slightly increased.  

 
 

 

 

Fig. 155:  Kingpin Inclination Angle 
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3. Camber Angle:  

 

As it is mentioned before camber angle can be adjusted by using camber 

adjustment plates on swing arms. For our vehicle camber angle can take a value 

between -3.4 and +1.9 degrees.  

 

 

 

Fig. 156: Camber Angle      Fig. 157: Maximum Camber Angle 

 

 
 

 

 

Fig. 158: Minimum Camber Angle 
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4. Caster Angle:  

 

  To have a steering system that is easy to use, caster angle is 10.48 degrees 

in its neutral position. Depending on vehicles weight and other factors such as 

maneuverability concerns, it can be adjusted between 13.68 and 7.31 degrees. 

 

 

 

Fig. 159: Neutral Caster Angle       Fig. 160: Maximum Caster Angle 

 

 

Fig. 161: Minimum Caster Angle 
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5. Roll Center Height: 

  Optimum way to place roll center is putting it as close as possible to weight 

center of vehicle [1, p. 14]. For our vehicle, it is approximately 5cm above ground 

level.  

  

 
 

 

 

Fig. 162: Roll Height and Other Dimensions 

13.3. Steering Gear Ratio: 
  Unlike most of the parts in the car, the steering mechanism parts are made of 

iron instead of aluminum. The reason for this is iron is much stronger than aluminum 

and the rack pinion mechanism is more likely to wear out than the other parts in the 

car due to its usage. The components in the steering mechanism are a steering rack, 

a pinion gear, two rod eyes, two steering rods, two steering knuckles, a bearing, a 

maintenance ring, a steering linkage, a connector rod for steering wheel and the 

steering wheel. 

  

The steering rack has 34 teeth on it and the rack moves in the horizontal 

direction 20 cm of range (10cm on the left, 10cm on the right.) 10 cm of horizontal 

distance requires 270 degrees of rotating angle on the steering wheel. 

 

Both the pinion and the rack have identical teeth of module 2. Pinion gear has 

11 teeth. For every full revolution of the pinion gear, the steering shaft moves 7.5 cms 

horizontally. While turning our steering wheel a full revolution, the wheels start to lose 

their parallel position and form different angles. 

 The steering ratio for the inner wheel is 360°/39.55° = 9.10 

 The steering ratio for the outer wheel is 360°/31.17  = 11.55  
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13.4. Turning Radius of Vehicle: 
According to bicycle modeling, the vehicle has two wheels at the middle of 

both front and back tires. In contrast, according to the outer tire model, the two outer 

wheels are considered. 

 
 

 

Fig. 163: Turning radius, bicycle model   Fig. 164 : Turning radius, outer tire 

model 

  These figures show the turning radii for those models. According to this, we 

can make our calculations with a triangle similarity and a simple trigonometric 

calculation. 

 
 

 

Fig. 165: Different maximum turning angles according to inner, outer and 

imaginary middle wheel resembling three overlapped triangles. 

 

𝛿0 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
223

𝑟2
) ≈ 31.17° 
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𝑟2 = 368.65 𝑐𝑚 

Using , we can calculate : 

𝑟2 = 𝑟1 + 65 𝑐𝑚 

𝑟1 = 303.65 𝑐𝑚 

 

13.5. Ackermann Principle: 
Our vehicle's dimensions can be assumed as T = 130 cm (track width), and L 

= 223 cm (length between front and rear axles). 

The car moves across the rear axle's center. To put it another way, we cannot 

assume the direction that the vehicle's front wheels are attempting to give it will 

signal the route that the car will travel. 

This ideal wheel establishes an angle with our path of travel when turning a 

bend. However, this angle should not be the same as the angle that our front wheels 

would produce in real life. 

 
 

 

Fig. 166: Ackermann angle shown on wheel axles in 2D 

 

To calculate the Ackermann angle, we use the imaginary right triangle with 

opposite side being half of the track width and adjacent side being the length 

between front and rear axles. 

𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
65

223
) ≈ 16.25° 

 

Let us analyze our steering system in two ways while performing Ackerman 

calculations: when the car is on a straight road and when the sharpest corner is 

turning. 

α 
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13.6. Wheel Angle Calculation 
 

 
Graph 3: Change of outer wheel angle according to the change of inner wheel 

angle 

 

          Fig. 167: Steering system                                  Fig. 168: Steering Rods 
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14. Door Mechanism 
 

a. Link to the drive folder of the technical models of the door system: 

https://drive.google.com/drive/folders/1N_gRua_Ma6hm_CCASiJZOy4_QSizyzR8?u

sp=sharing 

 

b. We picked the locations of the two hinges on the doors so that they are as 

parallel as possible. This way they can work smoothly and the door can close and 

open easily. We used the biggest door hinges we could acquire due to safety 

reasons and while connecting them to our doors, we used a middle element as an 

adapter for the hinges so that they fit to the doors perfectly. We placed the hinges on 

the parallel side of the door and as far as possible so that the door will be more 

resistant to rotational forces and can preserve its rigid motion geometry. To test its 

strength, we used SolidWorks simulations. The doors are subjected to 120N of force 

on the location of the door handle. In this analysis we can also see how much 

moment the door can endure to if the driver/passenger applies force to the door. 

Fig. 169: Door Stress Plot                                    Fig. 170: Door Strain Plot 

 

 

1.  

 

Fig. 171: 2D dimensions of the entrance 

https://drive.google.com/drive/folders/1N_gRua_Ma6hm_CCASiJZOy4_QSizyzR8?usp=sharing
https://drive.google.com/drive/folders/1N_gRua_Ma6hm_CCASiJZOy4_QSizyzR8?usp=sharing
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Fig. 172: Surface area of the entrance 

As you can see from the technical drawing, it is expected for our two identical doors to 

have a surface area of 0.915 m^2. 

 

Fig. 173: Doors, car hood and baggage door (open) 

Above, it is seen that both of the identical doors are fixed with two hinges 

for each. We draw the door contact points to be at least 20mm thick to ensure that 

we are not exceeding any regulation limits. (The white margins on the shell are the 

contact points.) 
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Fig. 174: Door hinge Adapter                 Fig. 175: Two hinges of the right door 

 

We obtained a door lock mechanism with a built in lock in itself. It enables the 

wielder to open the door from inside and outside. We preferred not to manufacture 

the door lock mechanism for safety reasons. The door handles engage the lock 

mechanism through a metal wire. Therefore, we are able to place the door handles 

on the door lock more effectively. And because it is a ready to use door lock 

mechanism, it works without mechanical flaws. 

Fig. 176: Door lock parts 

Fig. 177: Locked door assembly 
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Fig. 178: Door lock mechanism 

3.  The gap between the door and the chassis will be filled by a door seal 

hence the door will be waterproof. The type we are using is the type with sticky end 

at one side. The reason is they are easy to mount and easily replaceable.  

Fig. 179: Door seal 

 

   15) Mechanical Details 

 

a) Technical Drawings: 

Fig.180: Vehicle Technical Drawings 
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Fig. 181: Vehicle Technical Drawing 

 

Fig. 182: Front and Rear Width 

Fig. 183: Mudguard diameters     Fig. 184: Mudguard width 
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   Fig. 184: Hood drawing  

 

Drive link to the drawings and parts: 

https://drive.google.com/drive/folders/10kiHHFZUG4zIy8P5hzjPZifM2-

GA8pOb?usp=sharing 

 

b) Resistance Analysis: 
 

The front and beck roll bar heights are 940 mm and 485.65 mm respectively. 

By using the Solidwork Analysis tool, the deflections of the beams when a vertical 

1000 N force is applied on both of them can be found. 

Fig. 185: Trunk drawing 
The results are the following. 

https://drive.google.com/drive/folders/10kiHHFZUG4zIy8P5hzjPZifM2-GA8pOb?usp=sharing
https://drive.google.com/drive/folders/10kiHHFZUG4zIy8P5hzjPZifM2-GA8pOb?usp=sharing
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Fig. 186: Chassis static analysis 
 

Figure 1 is the result of the analysis of the study. The study's objective was to 

find the deflection of the beam when a 1kN force applied vertically on top of the 

beams. There is a restriction for the maximum deflection that is governed by the 

equation: H/200, where H is the height of the roll bars. The roll bars on the car are 

940 mm and 485.65 mm. Hence, for the back, or the long, roll bar, our deflection 

should be less than 940 mm / 200, that is 4.7 mm. From the analysis results, our 

deflection is 2.943 mm. Hence, the long roll bar passes the regulations. 

Fig. 187:Long-Roll Bar Static Analysis  Fig. 188: Long-Roll Bar Static Analysis
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For the front, or short, roll bar, our deflection should be less than 
485.65

200
mm, 

which is 2.4282 mm. From the analysis, the front roll bar deflects about 0.8 mm.  

Fig. 189:  Front-Roll Bar Sideview     Fig. 190: Front-Roll Bar Top View 

Hence, the front roll bar also passes the regulations.  

 

Since both of the values are under the maximum amount, this roll bar 

configuration is legal. 

 

c) Outer Shell Production: 

 

1. Production Processes of the Outer Shell: 

In order to produce the outer shell we designed, we cut a mold from 

styrofoam. This cut was made using five-axis CNC machining. In order to increase 

the durability, we gave importance to the diversity of the knitting direction of the 

layers we laid. We used epoxy to make the carbon fiber take the shape of the mold. 

This method, which is also called the vacuum infusion method, and mold 

production with CNC machining did not cost us anything because we did it through 

our sponsor companies. Odak Kompozit A.Ş. has helped us with the production of 

our shell with vacuum infusion and gave us training on hand lay-up and vacuum 

infusion methods. Titan Makina L.T.D. has aided us for the production of the mold by 

machining.  

Costs: 

 

 White styrofoam 8 m^2: 8000 TL 

 Carbon fiber clothing and epoxy resin: 20000 TL 

 CNC machining: 30000 TL 
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 Carbon fiber infusion method: - (Handmade and tools will be temporarily 

given) 

Fig. 191: Our lay-up and vacuum infusion training 
 

 
Fig. 192: Our lay-up and vacuum infusion training 

 

Vacuum infusion uses the pressure of the vacuum to apply epoxy resin to the 

coats of carbon fiber. After dry coats are placed, they are vacuumed to be as tucked 

as possible. We want them to be tucked before, so that we can adjust the dry coats 

better. Then, the epoxy resin is applied from tubes. Those tubes are strategically 

placed to apply the epoxy resin evenly. Epoxy resin makes the carbon fiber more 

brittle. By applying the resin evenly and with the suction of the access resin from the 

vacuum, we can achieve a less brittle, lighter and stronger structure. Access resin is 

stored in a resin trap. 
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Fig. 193: Vacuum infusion method (Creative Composites) 

 

2. Mold Design: 

 The mold material is determined as Styrofoam. However, it needs to be 

manufactured with computer assisted machining. Our vehicle design is bigger than 

the available CNC size. Therefore we decided to produce our mold in pieces and 

assemble them using special adhesives. The assembly will consist of 10 pieces. 

Mold will be produced in a way that styrofoam will not be damaged while machining 

due to its fragile infrastructure. After production it will be covered with plaster to make 

its surface smoother and support its surface against dents. 

Fig. 194: Mold Assembly 

Fig. 195: Mold Assembly with split lines 
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Fig. 196: Mold split points side view 

 

 
Fig. 197: Mold split points up view 

 

Below are several detailed pictures from our outer shell design. 

 

Fig. 198: Mudguards and basic interior view of the shell 
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Fig. 199: Right side view   

  

Fig. 200: Top view 

 

3. Connection Parts of the Outer Shell: 

 

 

Fig. 201: Curvature diagram display on surface 
 

  Considering the complexity of the shell geometry that has 3 dimensional 

curvatures, shell/chassis connections require extraordinary solutions. Moreover, thin 
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shell structure can be damaged due to its thin and fragile nature due to fiber failure 

that occurs while drilling. Critical reading of academic papers and consulting to 

material engineers, we concluded that the best way to establish those connections is 

to create as much surface area as possible. Due to complex surface features, it 

would be long and expensive to create our connection parts from metal. 3D printing is 

determined as the best solution for this problem. To create more surface area and to 

decrease shear stress there will be more screws than required to prevent tearing. We 

have 6 connection points with various connection parts. Since the bottom of the shell 

is flatter compared to the top, we will attach the shell directly to the chassis with 

screws and washers. However, due to the same reason, we should use connection 

parts at the top while attaching the shell to the roll cage. We wanted to take 

advantage of the more horizontal direction which is a line from back to the front of the 

car. This can be seen in the curvature display figure above. 

 

 

Figure 202: Connection part and screws 
  As it can be seen above, washers and 5 M6 SI screws-nut duo increases the 

surface area drastically. The bigger hole connects the roll cage via M4 SI screw. After 

the production of the shell system, it might be required to use epoxy adhesive to 

create more surface area for the shell and to prevent sliding on the roll cage. 



124  

 

Figure 203: Connection part and fixed shell-roll cage duo, front view 

 

Figure 204: (High-connection part and fixed shell-roll cage duo, side view)  

 

Figure 205: (Lower-connection part and fixed shell-roll cage duo, side view)  
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Figure 206: (Connections at the bottom intersections) 

Production of the connection parts is as important as the design. Considering 

the modern 3D printing methods, there are plenty of options from metal printing to 

soft plastic printing. After several tests, we concluded that 80 percent infill and 0.12 

layer thickness is the best option for our system. Our tests showed that thinner layer 

thickness and higher infill performs better for the parts that need to tolerate dynamic 

high mechanical loads. Also thicker walls while printing helps threads to hold the part 

better. Finally, the material is determined as PLA for weight, manufacturing, and 

elasticity concerns.  

 

Figure 207: Shell-Rollbar connection part 
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The parts that take car of the transition between hinges and the curvy outer 

shell surface includes 3 dimensional curves which helps us to create a flatter surface 

for the hinges. Specific parts for specific surfaces will be designed using SolidWorks 

and will be 3D printed with 100 percent infill PLA material. 

 

Figure 208: Door, hood and trunk hinge transition part 

d) Energy Consumption Calculations: 

 

1. The total energy consumed by the car to travel a  4000 meter distance 

with the velocity of 50 km/h: 

 

The forces acting on the car are: 

 

a. Drag Force Applied on Vehicle: 

 

𝐹𝑑 =  
1

2
𝑥 𝐶𝑑 𝑥 𝐴 𝑥 𝜌 𝑥 𝑣2 

 

𝐹𝑑: Drag Force Applied on Vehicle 

𝐶𝑑: Drag Coefficient 

 A: Cross Sectional Area =  1.2 𝑚2 

 𝜌: Density of air =  1.164 𝑘𝑔/𝑚3 [1] 

v: Velocity =  50𝑘𝑚/ℎ =  13.89 𝑚/𝑠  

 

[1] In order to calculate the drag force applied on our car travelling at 50 km/h 

on a horizontal road, we need to determine the variables given above. We can 

calculate the cross sectional area of the car by the CAD model of the shell. Density 

of the air can be also calculated by assuming the air will be average of 30𝑜C at the 

circuit during september. Velocity is determined as 50 km/h by the given conditions. 
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The most difficult variable to determine is the drag coefficient. Drag coefficient is a 

variable that is determined by wind tunnel experiments and since we don’t have such 

ability, we will use flow analysis. Flow analysis is not an easy analysis to apply and it 

does not provide the exact value; however, we can obtain a value that is close to the 

experimental result. The 𝐶𝑑 value obtained from Ansys Flow Simulation at 50 km/h is 

0.63 (Appendix A, Appendix B). Calculating the total drag force, we get: 

 

 0.5 𝑥 0.63 𝑥 1.2 𝑥 1.164 𝑥 13.892    =  84.89 𝑁   

 

b. Rolling Resistance: 

 

𝐹𝑟𝑟=𝐶𝑟𝑟x N 

 

𝐹𝑟: rolling resistance force 

𝐶𝑟𝑟: rolling resistance of the car. 

N : normal force applied by the car to the surface 

  

[3] To calculate the rolling resistance of the car, the normal force applied to 

the tires to the surface by the weight of the car, and the rolling resistance coefficient 

should be determined. This coefficient is a data that the tire manufacturer provides. 

Average rolling resistance coefficient of the tyres differs between 0.006 - 0.008, 

provided by the ANLAS company.  

Taking the average value, that is 0.007 and multiplying the rolling resistance 

coefficient and the normal force to find the total rolling resistance. We expect our car 

to be 250 kg with the driver. So using the formula above, 

 

𝐹𝑟𝑟  =  0.007 𝑥 250 𝑥 9.81 =  17.165 𝑁     

 

c. Mechanical Resistances: 

 

 𝐹𝑚: Mechanical Resistances 

 

Mechanical resistances will be caused by the drivetrain of the car. The 

system's resistance losses will be caused by the bearings at the wheel and the 

motor’s connection to the rear wheel. Even though the motor is a hub motor, there is 

still a mechanical connection and there will always be a mechanical loss in these 

situations. However, these losses are impossible to calculate without a proper 

experimental setup that we don’t have. Since we use high quality bearings and the 

motor connection loss is very small, we will neglect the mechanical resistance in our 

calculation. Therefore, we will assume 𝐹𝑚= 0. 

 

To find the total resistance applied to the car, sum all of these four different 
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types of resistances. Then from the total resistance, one can move on to the total 

energy consumption during this phase to [1] 

 

𝑉 =  𝐹𝑟𝑡𝑜𝑡         𝑋 =  4000 𝑚𝑒𝑡𝑒𝑟𝑠        𝑠 =  288 𝑠𝑒𝑐𝑜𝑛𝑑𝑠        ℎ =  0.08 ℎ𝑜𝑢𝑟𝑠 

   

𝑊 =  𝐹𝑥 𝑋 (𝑗) 

𝑃 =  𝑊/𝑠 (𝑊) 

𝐸𝑐  = 𝑃/ℎ (𝑊/ℎ) 

 𝐹𝑟𝑡𝑜𝑡 = 𝐹𝑑 +  𝐹𝑟𝑟  +  𝐹𝑚 =   84.89 𝑁 +  17.165 𝑁 +  0 =  102.055 𝑁  

  𝑊 =  102.055 𝑥 4000 =  408220 𝑗 

𝑃 =  408220 𝑗 / 288 𝑠 =  1417.43 𝑊  

  𝐸𝑐 =  1417.43 / 0.08 =  17.718 𝑘𝑊/ℎ 

 

2. Power needed for the vehicle to reach 50 km/h on 6% slope: 

 

6% slope is equal to 5.4 degrees. So, all the angle calculations will be calculated 

from 5.4 degrees from now on. 

 

 The forces acting on the car are: 

 

a. Drag Force Applied on Vehicle  

 

𝐹𝑑 =  
1

2
𝑥 𝐶𝑑 𝑥 𝐴 𝑥 𝜌 𝑥 𝑣2 

𝐹𝑑: Drag Force Applied on Vehicle 

𝐶𝑑: Drag Coefficient 

 𝐴: Cross Sectional Area  

 𝜌: Density of air 

v: Velocity  

 

[1] In order to calculate the drag force applied on our car travelling at 50 km/h on a 

6% slope road, we need to determine the variables given above. We can calculate 

the cross-sectional area of the car by the CAD model of the shell. Density of the air 

can be also calculated by assuming the air will be average of 30𝑜C at the circuit 

during september. To calculate the drag coefficient, we will use flow analysis. Flow 

analysis is not an easy analysis to apply, and it does not provide the exact value; 

however, we can obtain a value that is close to the experimental result. After we 

obtain all values, we can calculate the total drag force (Appendix A, Appendix B). 

 

𝐶𝑑: 0.64  

𝐴: 1.2 𝑚2: 
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𝜌: 1.164
𝑘𝑔

𝑚3
 

𝑣: 13.89
𝑚

𝑠2  

            

 0.5 𝑥 0.64 𝑥 1.2 𝑥 1.164 𝑥 (13.89)2  =  86.24 𝑁 = 𝐹𝑑 

 

b. Rolling Resistance 

 

𝐹𝑟𝑟=𝐶𝑟𝑟 𝑥 𝑁 

 

𝐹𝑟: rolling resistance force  

𝐶𝑟𝑟:rolling resistance of the car. (0.007) 

N : perpendicular force applied by the car to the surface (250 𝑥 𝑐𝑜𝑠(5.4)) 

 

[3] Multiply the rolling resistance coefficient and the normal force to get the total 

rolling resistance. Since the car is on an angled road, the equation for normal force 

becomes: 

 

𝑁 = 𝑐𝑜𝑠(5.4) 𝑥 𝑚 𝑥 𝑔 

 

𝑐𝑜𝑠(5.4): 5.4 is the angle of 6% slope, which is inside the cosine function 

𝑚 : mass 

𝑔 : gravitational acceleration  

  

𝑁 =  250 𝑘𝑔 𝑥 9.81 𝑥 𝑐𝑜𝑠(5.4)  = 2441.62 𝑁  

 

Inserting this value to the original equation: 

 

𝐹𝑟𝑟  =  2441.62 𝑁 𝑥 0.007 =  17.09 𝑁 

 

c. Mechanical Resistances 

 

𝐹𝑚: Mechanical Resistances 

 

Mechanical resistances will be caused by the drivetrain of the car. The 

system's resistance losses will be caused by the bearings at the wheel and the 

motor’s connection to the rear wheel. Even though the motor is a hub motor, there is 

still a mechanical connection and there will always be a mechanical loss in these 

situations. However, these losses are impossible to calculate without a proper 

experimental setup that we don’t have. Since we use high quality bearings and the 

motor connection loss is very small, we will neglect the mechanical resistance in our 

calculation. Therefore, we will assume 𝐹𝑚= 0.  
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d. Inertia forces: 

 

  𝐹𝑖: Inertia Forces 

 

The car will achieve the goal of reaching 50km/h on a 6% sloped road, hence 

the engine also has to overcome the weight of the car., meaning that the inertial 

resistance has to be added. 

 

𝐹𝑖  =  𝑚 𝑥 𝑔 𝑥 𝑠𝑖𝑛(𝑎) 

 

𝐹: Force 

𝑚: mass of the car 

𝑔: gravitational acceleration 

𝑎: angle of 6% slope in degrees (5.4)  

 

250 𝑘𝑔 𝑥 9.81𝑚/𝑠 2 𝑥 𝑠𝑖𝑛(5.4)  = 230.8 𝑁 =  𝐹𝑖  

 

To obtain the power value, the following equation is needed[1][2]: 

 

𝑃 =  𝐹𝑟  𝑥 𝑣 

 

𝑃: Power 

𝐹: Force (total resistance force the engine has to overcome) 

𝑣 : Velocity (50 km/h or 13.89 m/s) 

 

𝑃 =  (𝐹𝑖 + 𝐹𝑑 + 𝐹𝑚 + 𝐹𝑟𝑟) 𝑥 𝑣 

 

𝐹𝑖  = 230.8 𝑁 

𝐹𝑑  =  86.24 𝑁 

𝐹𝑚 =  0 𝑁 

𝐹𝑟𝑟  = 17.09 𝑁  

  

Hence 

 

𝐹𝑟 =  230.8 𝑁 + 86.24 𝑁 + 0 𝑁 +  17.09 𝑁 =  334.13 𝑁 

 

 Inserting total resistance into the power equation: 

  

 𝑃 =  𝐹𝑟 𝑥 𝑣 

 𝑃 =  365.87 𝑁 𝑥 13.89 𝑚/𝑠 

 𝑃 =  4641.07 𝑊  
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3. Maximum velocity with 1.5 Kw motor on 6% slope. 

 

 The forces acting on the car are: 

 

a. Drag Force Applied on Vehicle 

 

𝐹𝑑= 
1

2
x 𝐶𝑑 x A x 𝜌 x 𝑣2 

 

𝐹𝑑: Drag Force Applied on Vehicle 

𝐶𝑑: Drag Coefficient 

 A: Cross Sectional Area  

 𝜌: Density of air 

 v: Velocity 

 

In order to calculate the drag force applied on our car travelling at 50 km/h on 

a horizontal road, we need to determine the variables given above. We can calculate 

the cross-sectional area of the car by the CAD model of the shell. Density of the air 

can be also calculated by assuming the air will be average of 30𝑜C at the circuit 

during september. Maximum velocity is to be determined. The total drag force will be 

taken from the previous parts (Appendix A, Appendix B). 

 

b. Rolling Resistance 

 

𝐹𝑟𝑟 = 𝐶𝑟𝑟 𝑥 𝑁 

 

𝐹𝑟: rolling resistance force 

𝐶𝑟𝑟: rolling resistance coefficient of the car. 

𝑁: perpendicular force applied by the car to the surface 

 

To calculate the rolling resistance of the car, we need the Normal force 

applied to the tires to the surface by the weight of the car, and the rolling resistance 

coefficient. When we multiply the rolling resistance coefficient and the normal force 

we get the total rolling resistance. 

Taking the same value from the previous part since the conditions are the 

same: 

 

𝐹𝑟𝑟  =  17.09 𝑁 

 

c. Mechanical Resistance 
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𝐹𝑚: 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠 

 

[3] Mechanical resistances will be caused by the drivetrain of the car. The 

system's resistance losses will be caused by the bearings at the wheel and the 

motor’s connection to the rear wheel. Even though the motor is a hub motor, there is 

still a mechanical connection and there will always be a mechanical loss in these 

situations. These losses need proper setup, to be calculated. Since high quality 

bearings are used and the motor connection loss is very small, we will neglect the 

mechanical resistance. Therefore,    𝐹𝑚 =  0 . 

 

d. Inertia forces: 

 

The car will achieve the goal of reaching 50km/h on a 6% sloped road, hence 

the engine also has to overcome the weight of the car.  

 

𝐹𝑖  =  𝑚 𝑥 𝑔 𝑥 𝑠𝑖𝑛(𝑎) 

 

𝐹: Force 

𝑚: mass of the car 

𝑔: gravitational acceleration 

𝑎: angle of 6% slope in degrees (5.4)  

[1] 

250 𝑘𝑔 𝑥 9.81
𝑚

𝑠2  𝑥 𝑠𝑖𝑛(5.4)  = 230.8 𝑁 =  𝐹𝑖  

 

Since the given value is the power of the engine, the total force should be 

determined. 

𝐹𝑟 = 𝐹𝑟𝑟  +  𝐹𝑖  + 𝐹𝑚  +  𝐹𝑑 

 

Slope condition is the same as the previous question, and the rolling 

resistance value will be the same for the same tyres and the same car. Hence rolling 

resistance and inertial resistance forces can be taken from the previous question. 

 

𝐹𝑟𝑟 =  17.09 𝑁 

𝐹𝑖  =  230.8 𝑁  

 

Also the mechanical resistances are ignored: 

 

𝐹𝑚 =  0 𝑁 

  

Since the drag force is dependent on the velocity and the velocity affects the 

drag coefficient, the equation becomes: 
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1500 𝑊 =  (17.09 𝑁 +  230.8 𝑁 +  0 𝑁 +  𝐹𝑑) 𝑥 𝑣 

 1500 𝑊 =  (247.89 𝑁 + 𝐹𝑑) 𝑥 𝑣 

 1500 𝑊 =  (247.89𝑁 + ( 
1

2
𝑥 𝐶𝑑 𝑥 𝐴 𝑥 𝜌 𝑥 𝑣2)) 𝑥 𝑣 

  

 the 𝐴(Area) and 𝜌 (density of the fluid) are known, so: 

 

 1500 𝑊 =  (247.89𝑁 + ( 
1

2
𝑥 𝐶𝑑 𝑥 1.2 𝑥 1.164 𝑥 𝑣2)) 𝑥 𝑣 

 1500 𝑊 =  (247.89 𝑁 + ( 0.6984 𝑥 𝐶𝑑 𝑥 𝑣2)) 𝑥 𝑣 

 

By doing the numerical analysis, and also looking at the previous question as 

a guide, the max velocity will be lower than 50km/h (13.89 m/s), and for 1.5 kW 

engine power, velocity will be between 6 m/s - 4 m/s. The minimum force that we 

need should be at least 247.89 in order for the car to overcome the inertial and rolling 

resistance forces. Since: 

 

𝑃 =  𝐹𝑟  𝑥 𝑣 

 

 one can state that: 

𝑃

𝑣
= 𝐹𝑟 

 

  Since min 𝐹𝑟 =  247.89 𝑁, and 𝑃 = 1500 𝑊, max velocity is 𝑣𝑚𝑎𝑥 =  5 𝑚/𝑠. 

 For this value, the drag coefficient is 0.88. That the total drag force is 

15.3648 𝑁.(Appendix C, Appendix D) So we can say that the velocity will be around 

4.5 m/s - 5 m/s, for the drag force will not differ by a considerable amount. To find the 

exact value, hundreds of simulations have to be done. Since the drag coefficient will 

stay considerably close to 0.88 between the velocities of 6 m/s - 4m/s, it is taken as a 

constant. Hence our equations are: 

 

1500 𝑊 =  (247.89𝑁 + ( 
1

2
𝑥 𝐶𝑑  𝑥 𝐴 𝑥 𝜌 𝑥 𝑣2)) 𝑥 𝑣 

 1500 𝑊 =  (247.89𝑁 + ( 
1

2
𝑥 0.88 𝑥 1.2 𝑥 1.164 𝑥 𝑣2)) 𝑥 𝑣 

0.614592 𝑥 𝑣3  + 247.89𝑁 𝑥 𝑣 −  1500 =  0  

  

the root of this equation is 5.6 m/s. Inserting this value to the original equation, that is: 

 

𝑃 =  (247.89𝑁 + ( 
1

2
𝑥 𝐶𝑑  𝑥 𝐴 𝑥 𝜌 𝑥 𝑣2)) 𝑥 𝑣 

𝑃 =  (247.89𝑁 + ( 
1

2
𝑥 0.88 𝑥 1.2 𝑥 1.164 𝑥 5.62)) 𝑥 5.6 

𝑃 =  1496.11 𝑊 
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which is very close to 1500 W.Hence, the top speed with a 1.5kW engine on a 6% 

sloped road is 5.6 m/s (20.16 km/h). 

  

e) Maliyet Hesabı: 

Vehicle Cost: 

 

Malzeme Adı Amount Unit 

Birim 

Fiyat 

Toplam 

Fiyat Sponsor Satıcı Firma 

30mm x 50 

mm x 3 mm 

Aluminium Box 

Section 6 

Meter 

3 Piece ₺513 ₺1,539 1  
Seydişehir 

Alüminyum 

30 mm 

Diameter 3 mm 

Thickness 

Aluminum 

Circle Profile 6 

Metre 

3 Piece ₺200 ₺600 1  
Seydişehir 

Alüminyum 

Aluminum 

Honeycomb 
5 

Meter 

Square 
₺9,000 ₺45,000 0 

TÜBİTAK 

SAGE 

TÜBİTAK 

SAGE 

Karbon Fiber  80 
Meter 

Square 
₺320 ₺25,600 0 

Odak 

Kompozit 
KompozitShop 

Epoxy 25 Kilogram ₺75 ₺1,875 0 
Odak 

Kompozit 
ARC 

Vacuum 

Infusion Kit 
1 Piece ₺3,000 ₺3,000 0 

Odak 

Kompozit 
Kompozit .net 

Carbon Fiber 

Sandwich 

Honeycomb 

2 
Meter 

Square 
  0 

Odak 

Kompozit 
 

PHS10A 1.75 

Joint Roller 
12 Piece ₺27 ₺324 0 ATO 

Rulman 

Marketi 

GE 12 C Roller 8 Piece ₺260 ₺2,080 0 ATO 
Ankara 

Rulman 

M8 Fiber Nut 40 Piece ₺0.2 ₺8 0 ATO Civtec Civata 

M8x40 Hex 

Socket Head 

Cap 

40 Piece ₺2 ₺74 0 ATO Civtec Civata 
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M8x60  Hex 

Socket Head 

Cap 

40 Piece ₺2 ₺74 0 ATO Civtec Civata 

M12 Fiber Nut 20 Piece ₺0.6 ₺12 0 ATO Civtec Civata 

M12x65 Hex 

head half outer 

bolt 

1 Piece ₺23 ₺23 0 ATO Civtec Civata 

M10 Fiber Nut 30 Piece ₺0 ₺12 0 ATO Civtec Civata 

M10x50 Hex 

Socket Head 

Cap 

30 Piece ₺2 ₺60 0 ATO Civtec Civata 

GE 12 C Roller 8 Piece ₺260 ₺2,080 0 ATO 
Ankara 

Rulman 

M8 Fiber Nut  40 Piece ₺0.2 ₺8 0 ATO Civtec Civata 

M8x40 Hex 

Socket Head 

Half Thread 

Bolt 

40 Piece ₺2 ₺74 0 ATO Civtec Civata 

M8x60 Hex 

Socket Head 

Half Thread 

Bolt 

40 Piece ₺2 ₺74 0 ATO Civtec Civata 

M12 Fiber Nut 20 Piece ₺0.6 ₺12 0 ATO Civtec Civata 

 

Kit List: 

 

60'lı Socket Set 

1/4 1/2 6 Corner 

Socket Set 

1 Piece ₺698 ₺698 0 
Bilkent 

Rektörlük 
MEŞEM 

1/2 H Seri 

Socket Set 

(Allen H-4 - H-

17) 

1 Piece ₺293 ₺293 0 
Bilkent 

Rektörlük 
NT 

İZELTAŞ 8235 

Partner Team 

Loaded 5 

Drawer 118 

Piece 

1 Piece ₺4,500 ₺4,500 0 
Bilkent 

Rektörlük 
İzeltaş 

Plastic Hammer 

40mm 
1 Piece ₺75 ₺75 0 

Bilkent 

Rektörlük 
İzeltaş 
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Steel Vise 125 

mm 
1 Piece ₺648 ₺648 0 

Bilkent 

Rektörlük 
Kanca 

60 cm Crowbar 1 Piece ₺120 ₺120 0 
Bilkent 

Rektörlük 
İzeltaş 

Foreman SM16 

Column Drill 
1 Piece ₺1,000 ₺1,000 0 

Bilkent 

Rektörlük 
Foreman 

5 piece File 

Rasp Grater 

Table Set 

1 

Piece 

₺65 ₺65 0 
Bilkent 

Rektörlük 
Tiger 

Mannesmann 

53250 Unf 

Guide Die Set 

(32 Piece) 

1 

Piece 

₺690 ₺690 0 
Bilkent 

Rektörlük 
Mannesmann 

Flap Disc 

115X22 Mm Nk-

80 Kum 

2 

Piece 

₺10 ₺20 0 
Bilkent 

Rektörlük 
Karbosan 

Coil Spring 

Puller 370 Mm 2 

piece set 

1 

Piece 

₺312 ₺312 0 
Bilkent 

Rektörlük 
Rico 

Bosch PWS 

750-115 750W 

115mm Angle 

Grinder 

1 

Piece 

₺470 ₺470 0 
Bilkent 

Rektörlük 
Bosch 

Calliper 1 
Piece 

₺100 ₺100 0 
Bilkent 

Rektörlük 
Wert 

Torque Wrench 

40 Nm-200 Nm 
1 

Piece 
₺1,070 ₺1,070 0 

Bilkent 

Rektörlük 
CETA FORM 

Bosch 

Professional 

GSR 180-LI 18 

Volt 1,5 Ah 

Cordless Drilling 

Screwdriver 

1 

Piece 

₺1,200 ₺1,200 0 
Bilkent 

Rektörlük 
Bosch 

 

Total: 91171 TL 
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Appendix: 
Appendix A: Flow Analysis of the Vehicle 

 
Appendix B: İteration Table of Cd Values 
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Appendix C: Vehicle Flow Analysis Result 
 
 

 
 

 

 

Appendix D: Vehicle Cd Values Table According to Flow Ratios 

 
  

 

Appendix E: Vehicle Mechanic Structures 
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SAFETY 

Horn 

We will use a car horn in our horn system. The reason to use a car horn is it is 

loud enough to be easily heard by other drivers in the grid and it satisfies the safety 

regulations. We didn’t prefer to manufacture a horn system due to safety reasons. 

We prefered an acoustic horn that can play at 80 decibels. 

Headlights 

We will use LED headlights for our illuminaton system. Bright white lights that 

are activated through a button in the car is used. Our stop lamps are sensitive to soft 

and hard braking. They are bright red. 

Mirrors 

Our mirrors are regular car mirrors. We prefer to use a car spare part due to 

safety reasons. They have better reflection because they are built for this particular 

purpose so the team decided that it is the safest choice. While choosing appropriate 

mirrors, we considered that the surface are of the mirrors are not less than 50 cm^2. 

Seat Mounts 

Our seats are directly mounted on to the chassis through aluminum mountings made 

from profiles. The bolts that are used are the same as seat manufacturer’s regulated 

bolts. 

Brake System 

We are using steel brake discs for our car because of its high strength. We 

choose a hydraulic brake system which is manufactured for road cars therefore it is a 

purchased brake system. We preferred to purchase a brake system due to its 

complex design requirements and due to safety reasons, we choose not to 

manufacture it ourselves. The BOSCH brand brake center is a double centered type 

(It is built for road cars) that matches the regulations. We have 3 brake pads on total, 
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2 on front and one on the rear wheel with no engine. The brake system we prefer is 

designed to stop much heavier vehicles than our vehicle so we thought it was the 

safest way to build a brake system 

Tow Rings 

Our tow rings have an inner radius of 30 mm each. The rings are placed 

outside of the whole car and are tightly connected to the chassis of our car. They 

include 12 mm closed ringbolts. 

 

Fig. 209: Front tow ring and the vehicle 
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Fig. 210: Vehicle Electrical Scheme 
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Original Design  
Motor Driver Original Design 

We have designed a motor driver with many original parts. 

First one is the separation of power and digital ground. As shown in the motor drive 

part, we have created 2 separate grounds. Reason we have done such thing was we 

thought that the high current going through the power ground may disturb the signals 

going to the MCU. As MCU works with sensitive signals, such disturbance would 

result in errors. All of the sensors are connected to MCU and, thus requires isolation.  

For isolation we have used 2 different techniques: Optocouplers and digital 

isolators. We used isolators on phases and optos at feedback circuitry. This isolation 

can be seen above as the power ground circles the digital ground. As more current 

flows on power side, it occupies a larger area. 

 
Fig. 211: Power and Digital Ground İsolation 

 

Secondly, we used double accuracy mechanism. We placed hall sensors on 

the motor and also, we have built a back EMF circuitry to check the states of the Hall 

sensors whether they are operating as they should. They will be synchronized, and 

the back EMF circuitry will check the states of Hall sensors with intervals. If any error 

is detected more samples will be taken to be sure. If error is still available, back EMF 

will be the prioritized method to detect motor movement and phase change. 

Lastly, we have placed the switching components across the length of the 

PCB to use a wide heatsink. 30x5 heatsink will be used for 6 IGBTs. They will be 

isolated with mica isolator before we screw them to the heatsink. Such wide heatsink 

will be able to cool 40W dissipation on each of them. 
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Adjustable Camber and Caster Design: 

The vehicle’s camber and caster adjusters are designed to improve the 

comfort of the driver and to optimize the efficiency of the vehicle. As mentioned in the 

steering system part of our report, our control arms holding the knuckle that is 

connected to the wheel are designed to be in unequal length. This allows the wheels’ 

front end geometry to be adjustable. Hence, we obtain a more flexible design on the 

front end geometry, which aids us to obtain the optimum condition for our unknown 

true driving characteristics.  

Special channels on the lower control arm allows us to change the camber 

angle. Due to its varying mechanism, correct, the most efficient, camber angle can be 

determined before the efficiency challenge. Similarly, the channels on the upper 

control arm allows us to change the caster angle. Considering the major effects of 

this angle on turning mechanism, this part, especially, provides a unique advantage 

to optimize our wheel complex. 

                   
Figure 212: Maximum camber angle       Figure 213: Minimum camber angle 

      Figure X: Maximum caster angle                  Figure X: Minimum caster angle 
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