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1. Team Organization

1.1. General introduction of the team 

We are a group of engineering students at the College of Electrical and Mechanical 

Engineering, NUST. We aim to learn, implement and share automotive knowledge. We 

focus to innovate and blend new designs, carefully thought by talented students under the 

supervision of our highly experienced faculty. Over the years, our constant efforts have 

made it possible for us to participate at international competitions and we are humbled that 

NUSTAG has raised Pakistan’s flag at international platforms multiple times. Since 2010, 

we have been participating in Shell Eco-Marathon (SEM), organized by the Royal Dutch 

Shell; a race for enhanced mileage. NUSTAG has achieved numerous milestones, 

including on-track and off-track awards while competing at SEM. 

1.2. Our Aims 

● To educate students about automotive technologies.

● To build environment friendly and cost-efficient automotive technologies.

● To create awareness of a 'green' future.

● To pave a way for greener mindset in the automotive industry in Pakistan.

● Develop a benchmark system which will facilitate subsequent research in this area

for both academia and automobile industry.

● To represent Pakistan globally.

1.3. Team Description 

In the year 2019 team NUSTAG took an initiative of manufacturing the first autonomous 

electric vehicle of Pakistan for participation in Robotaxi Autnomous Vehicle Türkiye 

Teknoloji Takımı Vakfı organized by Turkey Technology Team. 

The team responsible for designing and manufacturing an autonomous electric vehicle, 

consists of two sub teams i.e. electrical sub team and mechanical sub team. The electrical 

sub team is responsible for design of electric subcomponents and integration of cameras 

and equipment along with management of Power Systems within the electric vehicle. The 

mechanical sub team is responsible for designing and manufacturing the mechanical 

components of the complete vehicle. 

Our team consists of 06 final year engineering student and 02 junior students from various 

engineering departments. Supervised by Dr. Fahad Mumtaz Malik. HOD Electrical 

Engineering Department. CEME, NUST, Pakistan. 
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Figure 1: Team Organization Chart 



9 

2. Preliminary Design Report Evaluation

According to the feedback provided to us by the evaluators for our preliminary design 

report submission we improved the design features of the vehicle along with improvements 

in the design of original components. In comparison to our preliminary design report the 

drive-by-wire, steer-by-wire, and brake-by-wire architectures are described in detail. We 

also improved the organization of our report as indicated in the feedback.   

2.1. Report Changes 

Certain changes were made in the autonomous algorithms, in which we did not 

incorporate Semantic Segmentation in our final design due to increased computational 

complexity. We improved our sign detection and lane detection algorithms to incorporate 

neural networks for efficient detection and improved performance.  

The localization algorithm was also improved with robust and unique approach applied to 

solve the problem of stage estimation and global drift in vehicle position. We incorporated 

Visual Inertial Odometry in accordance with wheel encoder odometry to calculate effective 

results for the vehicle current position and heading. This approach was uniquely engineered 

by our team and the coding aspects were also unique for the development of this new 

technique. 

2.2. Mechanical Components Budget 

Table 1: Mechanical Components Budget 

Bill of Materials (BOM) Actual Cost (USD) 

Complete mechanical components assembly 

Integration of all mechanical components together 213.4 

Chassis 

Material 122.0 

Machining 91.5 

Welding 152.4 

Paint 6.1 

Steering Assembly 

Rack and Pinion assembly 36.6 

Steering Wheel 18.3 

UV Joints 12.2 

Tie rods (Material + machining) 15.2 

Motor 30.5 

Wheel Assembly 

Tires 187.8 

Rims 114.3 

Spokes 30.5 

Hubs 96.0 

Brake calipers 73.2 

Brake Discs 91.5 

Master cylinder 18.3 

Brake Actuator 42.7 

Hydraulic network piping 24.4 

T-Joints for hydraulic network 1.8 

Paddle assembly 30.5 

Wishbones (Material + machining) 18.3 

Knuckle (Material + machining) 24.4 
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Bearings 19.5 

Drive train assembly  

Sprockets (Material + machining) 61.0 

Shaft (Material + machining) 73.2 

Mounts/Bearing-housings (Material + machining) 152.4 

One-way bearings  

Others  

sensors for steering and control system 304.9 

seat 30.5 

Safety belts 30.5 

Nuts/Bolts/Washers 12.2 

Chassis Manufacturing  

Die and Pattern Preparation 243.9 

Lamination and paint 91.5 

Vehicle Doors 182.9 

Chassis body 731.7 

Estimate Price PKR 3050.6 

2.3. Autonomous and Electrical Components Budget 
 

Table 2: Autonomous and Electric Components Budget 

Component Number Actual Cost (USD) 

Neo-m8n-001 (gps module)  2 45.43024 

High speed usb-c hub  1 33.96567 

Pci-e usb 3.0 expansion card  1 39.63732 

Arduino uno r3 with cable  8 36.07024 

Arduino can bus shield  8 120.139 

Vl53l1x ranging flight time sensor  5 67.06098 

Sn65hvd230 can bus transceiver 2 11.52878 

Elp- usbgs720p02- l170  2 263.9939 

GNSS Multi Band Magnetic Mount Antenna  2                 363.8415 

Gps antenna ground plate  2 363.8415 

Mynt eye standard 1 493.1707 

270 Deg digital Corel Ess servo motor 1 73.52439 

7.1-inch Raspberry Pi LCD display  1 110.5732 

Nvidia jetson xavier 1 1560.976 

Raspberry pi 4, 4GB 1 97.56098 

Kyt camera  2 505.8963 

Nema stepper motor 1 408.5366 

Wifi + Bluetooth card  1 47.07927 

Kunray electric blcd motor 1 152.1341 

Stroke 5-10mm reciprocating cycle 24V 1 132.189 

18650 battery brackets 312 38.04878 

1.2kw const current power booster 20 A  1 41.27439 

BMS UART Bluetooth I2C interface 13s-30A  1 82.13415 

LM2596 buck module  8 10.2439 

Li-ion cells 18650 2600mah  156 550.8963 

RJ45-8P8C Cat 6 Dual-Port input output 11 30.18293 

TOTOAL COST  5741.277 
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3. Vehicle Features 

 
Table 3: Vehicle Dimensions 

Vehicle 

parameters 

Minimum 

dimension/value 

in rules book 

Units Maximum 

dimension/value 

in rules book 

Units Dimensions of 

our 

manufactured 

vehicle 

Units 

Vehicle’s height 100 cm 150-225 cm  cm 

Vehicle’s width 120 cm 180 cm  cm 

Front wheels 

track-width/ 

opening/spacing 

100 cm 110 cm 100 cm 

Rear wheels track-

width/ 

opening/spacing 

80 cm - - 82 cm 

Front and back 

wheels 

openness/wheel-

base 

130 cm - - 175 cm 

Ground clearance 

of vehicle 

45 mm - - 130 mm 

Width of wheel 70 mm - - 80 mm 

Vehicle’s weight - - - -   

Number of wheels 4 - 4 - 4 - 

Number of seats 1 - - - 1 - 

 

3.1. Steering Design 

3.1.1. Basis of Selection 

We designed a unique steering system which aims at minimizing the steering effort and making 

the system lightweight. We achieved as low as 5.5Nm steering effort which enabled us to design 

a mechanism without inculcating the superposition steering which significantly reduces the 

system complexity while increasing its efficiency and cutting down the manufacturing cost. 

Moreover, because of the low steering effort required the system do not demands a high-power 

motor which further reduces the cost.  

After reviewing the steering systems which are used commercially these days, we found out that 

Electronic Power Steering (EPS) using Ackerman geometry, based on rack and pinion 

mechanism best serve the purpose.  

3.1.2. Uniqueness 

• Stepper motor based. 

• Light weight. 

• High precision because of using micro stepping option for small angle. 

• Low steering effort, improved efficiency  

3.1.3. Kinematics Model 

 

The kinematics model of the steering system was developed on the lotus shark. The lotus shark 

software allows us to easily modify the coordinates of the points, which alters the wishbone arms, 

and the knuckle mounting points. Hence, we can find the optimum dimensions. It also facilitates 

us to simulate variation of camber and toe change with specified bump, rebound and roll, 

preserving the integrity of specifications. 
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3.1.4. Vehicle and Steering Parameters 

 

After reviewing literature, performing multiple iterations and according to the competition rules, 

we choose following parameters: 

 
Table 4: Parameters for kinematic Model 

Vehicle and steering Parameters Values 
Wheelbase 1750 mm 

Front Trackwidth 1000 mm 

Rear Trackwidth 850 mm 

Ground clearance 130 mm 

Chassis width at Steering mounting Position 630 mm 

Camber Angle  00  

Caster Angle 20  

Kingpin Inclination 140  

Toe angle 00  

Scrub Radius Minimum 

 

3.1.5. Model setup 

 

Bump travel, rebound travel, rebound increment, roll angle these parameters are related to 

suspension geometry as we are not using it, so their values shown below are by default. 

steer travel is setup to 55mm as the lock-to-lock linear travel of rack and pinion mechanism 

is 110mm. the steer increment is setup to 2mm for all the readings of the results. The 

wheelbase and center of gravity height are set to 1750mm and 250 mm, respectively. All 

these parameters are displayed in the figure below. The steering type have been set to rack 

and pinion mechanism according to specified.  

3.1.5.1. Tires Specifications 

 

The Selected tires parameters are set in the lotus shark are displayed in the table. 
 

Figure 2: Model Setup in LOTUS Shark 
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Table 5: Tires Specifications 

Parameter Specs 

Tread 2.1 mm 

Width  80 mm 

Rim diameter 431.8 mm 

Load index 50 

Hub Deluxe 125 CC 

Rim CG 125 CC rear tyre 

Spokes Deluxe  

Tyre material 6 ply rubbers 

Tyre  CG 125 CC rear tyre 

 

3.1.5.2. Steering Model: Lotus Shark 

3.1.5.2.1. Hard Points 

The hardpoints shown in figure below are defined as: 

o Point 1 & 2: lower mounting points of steering knuckle support with chassis. 

o Point 5 & 6: upper mounting points of steering knuckle support with chassis. 

o Point 3 & 7: Steering knuckle mounting points with steering knuckle support. 

o Point 11: Outer ball joint of tie rod. 

o Point 12: inner ball joint of tie rod. 

o Point 18: Wheel spindle point. 

o Point 19: wheel center point. 

Figure 3: Tires Parameters 
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Vehicle parameters were set based on these hardpoints. We set front track width as 1000mm using 19. 

Point 1 and 2 was used to set ground clearance of 130mm. kingpin inclination as 14 degrees by using point 

3 and 7. Similarly cater of 2 degrees and chassis mounting point distance of 630mm defined by points 1,2,5 

and 6. Other parameters are shown in the above figure. 

3.1.5.2.2. Graphical representation: 

 

3.1.6. Static Results 

Table 6: Static values 

Parameter Value 

Camber angle 0° 

Toe angle (toe in) 0° 

Toe angle (plane of wheel) 0° 

Castor angle 1.97° 

Caster trail -0.84 mm 

Caster offset 11.34 mm 

Kingpin angle 14° 

Kingpin offset (at wheel) 83.17 mm 

Figure 5: Graphical representation of Lotus Shark steering model 

Figure 4: Steering Hardpoints 
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Kingpin offset (at ground) 7.25 mm 

Mechanical trail 11.34 mm 

Roll center height -9.27 mm 

 

Table 7: Steering Turning Angle & Radius 

Rack travel 

(mm) 

Steering 

angle RHS 

(deg) 

Steering 

angle LHS 

(deg) 

Camber 

angle RHS 

(deg) 

Camber 

angle LHS 

(deg) 

%Age 

Ackerman 

Turning 

circle 

radius 

(mm)  

-55 23.58 -28.31 0.44 2.99 74.76 3629.7 

-49.11 21.13 -24.86 0.26 2.36 74.13 4153.45 

-43.21 18.67 -21.53 0.131 1.84 73.60 4807.16 

-37.32 16.20 -18.32 0.02 1.41 73.17 5653.11 

-31.43 13.72 -15.22 -0.06 1.05 72.82 6800.09 

-25.54 11.22 -12.20 -0.11 0.75 72.54 8457.18 

-19.64 8.69 -9.27 -0.13 0.51 72.32 11084.15 

-13.75 6.13 -6.41 -0.13 0.31 72.17 15928.76 

-7.86 3.53 -3.63 -0.09 0.15 72.07 27981.59 

-1.96 0.89 -0.90 -0.03 0.03 72.02 112119.12 

0 0 0 0 0 72.02 0 

1.96 -0.9 0.89 0.03 -0.03 72.02 112119.12 

7.86 -3.63 3.53 0.15 -0.09 72.07 27981.59 

13.75 -6.41 6.13 0.31 -0.13 72.17 15928.76 

19.64 -9.27 8.69 0.51 -0.13 72.32 11084.15 

25.54 -12.20 11.22 0.75 -0.11 72.54 8457.18 

 

3.1.7. Dynamic Results 

The following graphs are for steering system lock-to-lock travel of 55mm. 

3.1.7.1. Dynamic Camber angle 

The static camber is set to 0 for static condition, while in dynamic condition it varies due to toe 

angle/steering angle in the steering system during turning of the vehicle. The max value of 

dynamic camber is 3.6 degrees at one tyre and minimum value of -0.76 degrees at the other tyre 

simultaneously. The graph of dynamic camber variation is displayed in figure below. 
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Figure 6: Dynamic Camber Angle 

3.1.7.2. Dynamic Caster angle 

Static caster is set to 2 degrees. It varies due to dynamic motion from 1.9749 to 1.9753 during 

cornering. 
 

 

Figure 7: Dynamic caster angle 

3.1.7.3. % Ackerman 

Commercial vehicles use 60-80% Ackerman. We want to keep the Ackerman % as close to 80% 

as possible to reduce steering effort without compromising on steering feedback. The importance 

Figure 8: % Ackerman 
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of feedback is for the manual driving. %Ackerman is in the range of 71.4720 to 75.3079. 
 

3.1.7.4. Steering Angle 

The steering angle is defined as the angle between the front of the vehicle and the steered wheel 

direction. The steering angle varies from -38.6426 to 33.9460.  

3.1.7.5. Dynamic Scrub Radius 

Scrub radius is one of the important parameters to determine steering effort of the vehicle. As our 

objective to achieve minimum steering effort along the feedback of the steering system, scrub 

radius is set to the minimum value. The ideal value of scrub radius is 5mm. Static value of scrub 

radius is 7.25mm in our design while the Dynamic scrub radius ranges from -21.4046 to 12.5427. 
  

 

 

 

 

 

 

 

 

Figure 9: dynamic toe angle 

Figure 10: Dynamic scrub radius 
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3.1.7.6. Dynamic Kingpin Inclination (KPI) 

The static value of KPI is set to 14 degrees. It varies from 13.9915 to 14.0402 as shown in the 

graph. KPI has very little variation which is desirable. 

3.1.8. Components Calculations and Design 
 

3.1.8.1. Steering gears 

We used two meshing spur gears, having same outer diameter, pitch, and no. of teeth. Calculations 

were performed to find the gear tooth properties based on the selected parameters. These 

parameters are shown below: 

 

 

 

 

 

 

 

 

Figure 12: Steering system components 

Figure 11: Dynamic kingpin inclination 
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Table 8: Gears Design Parameter 

 

Parameter 

       

Value 

Pitch diameter 63mm 

No. of teeth (Z) 25 

Pressure Angle (α) 20° 

Tooth Profile Full Depth Involute 

Design Factor  2.5 

We are using Aluminum material for manufacturing gears with properties shown below in table: 
Table 9: Properties of aluminum 

 

 

 

 

 

 

To estimate the bending stress in gear teeth we used “Lewis Bending Equation”. 

 

      σ = 
𝑊𝑡

𝑏𝑝𝑦
  …………………………………… (1) 

 
Where Wt is the load, b is the face width, p is the circular pitch and y is Lewis’s form factor. 

As the Lewis bending equation is originally derived for static loading, to make it applicable to 

dynamic loading we will incorporate various factors shown in table. The final equation obtained 

after introducing these factors is: 

 

 σb = 
𝐹𝑡 ×𝐾○×𝐾𝑣 ×𝐾𝑠 

(
𝑃

𝑏
)×(

𝐾𝑚

𝐽
)

 ……………………………………. (2) 

 
After doing the necessary steps the gear tooth properties attained are shown below in the table. 

 
Table 10: Factors to incorporate Dynamic loading effects. 

 
 

                                     

 

 

 

 

 

 

Yield Strength (Ys) 95 MPa 

Ultimate Tensile Strength (Us) 110 MPa 

Allowable Stress (Ys) 38 MPa 

Youngs Modulus (E) 69000 MPa 

Poison ratio (ʋ) 0.33 

Factor  Denotation Value 

Dynamic factor Kv 1.096 

Geometry factor J 0.345 

Overload factor Ko 1.25 

Load distribution factor Km 1.128 

Reliability factor Kr 1.25 
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3.1.8.2. Properties of Gear 
 

Table 11: Gear Design Results 

Parameter Notation Value 

Module m 2.5 

Pitch circle diameter d 63 

Base circle diameter Db 59.2 

Outer circle diameter Do 67.5 

Clearance  c 0.314 

Addendum  A 2.5 

Dedendum  D 2.814 

Dedendum circle radius  171.654 

Fillet radius  0.981 

Whole depth h 5.314 

Tooth thickness t 3.928 

Face width b 12.5 

Width of space between teeth  3.9848 

Diametral pitch P 0.396 

Circular pitch p 7.93 

Root circle diameter  56.25 

After theoretical evaluation of the gear design, the 3D model was developed in solid works. The 

meshing steering gears mechanism is represented in the figure below. 
 

3.1.8.3. Steering column 
 

We selected 1045 AISI steel for steering column fabrication. The properties of AISI 1045 steel 

are displayed in the table: 

 

 

 

 

 

 

 

 

Figure 13: Steering gears mechanism 
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Table 12: Material Properties of AISI 1045 

 

 

 

 

 

 

 

The steering column was designed based on the following requirements: 

• Twist angle = 0.5° 

• Steering column length = 240 mm 

• Applied torque = 10 Nm 

First, modified endurance limit was calculated incorporating various modification factors. 

Equation is shown below: 

 

𝑆𝑒 = (𝐾𝑎 × 𝐾𝑏 × 𝐾𝑐 × 𝐾𝑑 × 𝐾𝑒 × 𝐾𝑓) × 𝑆𝑒´ 

Where: 

𝐾𝑎: surface condition modification factor 

𝐾𝑏: size factor 

𝐾𝑐: loading factor 

𝐾𝑑: temperature factor 

𝐾𝑒: reliability factor 

𝐾𝑓: Miscellaneous effect factor 

Diameter of steering column was found by using the equation shown below: 

 

Ɵ =
𝑇 × 𝐿

𝐺 × 𝐽
 

Where: 

T: applied torque 

L: required steering column length 

G: shear modulus 

J: second moment of area 

The diameter comes out to be: 13.7 mm. 

Lastly, shear stress generated during the operation was calculated to ensure that the design is safe. 

To find the stress we used equation. 

𝜏 =
𝑇 × 𝑟

𝐽
 

The stresses were found out to be much lower than the allowable stress for AISI 1045, hence the 

design is safe. 

 

 

 

 

 

 

 

 

 

 

 

 

Property  Value (MPa) 

Ultimate tensile strength (Sut) 565  

Endurance limit (Se’) 282.5  

Shear modulus (G) 80,000  

Yield strength (Ys) 310  

Allowable shear stress 124  
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3.1.8.4. Steering Components  

  

 

 

 

 

 

 

 

 

 

Figure 15: Steering column 
Figure 14: Steering column cover 

Figure 16: Steering knuckle holder Figure 17: Steering column assembly support 

Figure 18: Steering wheel 

Figure 19: steering encoder mount 
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3.1.8.5. Steering Column Assembly 
 

Figure 21: Steering column assembly 

3.1.8.6. Steering Knuckle 
 

 

 

Figure 20: Steering column assembly parts 

Figure 22: Steering Knuckle Figure 23: Knuckle parts 
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3.1.8.7. Universal joint 

A universal joint is a positive, mechanical connection between rotating shafts, which are usually 

not parallel, but intersecting. They are used to transmit motion, power, or both. 

 

3.1.8.8. Rack and pinion assembly 
        

Figure 25: Rack and Pinion assembly 

3.1.8.9. Tie rods 
 

 

3.1.9. Steering Effort Calculations 

Steering effort is the effort required to turn the steering wheel [45]. It can be a driver input or 

motor input in case of autonomous driving. So, for selection appropriate motor to drive vehicle 

autonomously, steering effort calculations is performed. 

Torque required at kingpin for steering is calculated by using equation given below. 

 

 

𝑇 = 𝑊𝑢√
𝐵2

8
+ 𝐸2 

 

 

Figure 24: Universal joint 

Figure 26: Tie rod ball joint 
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T = Kingpin Torque 

W = Weight of vehicle on steering axle.  

B = Width of the tyre. 

E = Kingpin offset (Scrub radius). 

u = Friction between road and tyres of the vehicle. It is estimated through the graph. Ratio 

between kingpin offset and tyre width is used to estimate coefficient of friction from graph. 

 
𝐸

𝐵
=

7.25

80
= 0.0906 

 

𝑢 = 0.7 

𝑇 = 1962 × 0.7√
802

8
+ 7.252 = 11.0279 Nm. 

 

Torque at kingpin axis is provided through tie rod of steering system. So, the required force at tie 

rod outer ball joint is calculated using the equation given. 

 

 
𝐹 =

𝑇

𝑙𝑠𝑘
 

 

 

Where 𝑙𝑠𝑘 is perpendicular distance between outer ball joint of tie rod and kingpin axis. Tie rod 

of steering is designed to be at some angle in the plane. The force at inner ball joint of tie rod is 

calculated by equation. 

 
𝐹𝑡 =

𝐹

cos 𝜃
 

 

 

 

 
cos 𝜃 =

𝑃𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑖𝑛𝑛𝑒𝑟 & 𝑜𝑢𝑡𝑡𝑒𝑟 𝑏𝑎𝑙𝑙 𝑗𝑜𝑖𝑛𝑡

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑖𝑒 𝑟𝑜𝑑
 =

𝑑

𝑙
 

 

 

 

Rack & pinion mechanism is attached to the two tie rods of steering, which turns the front wheels 

for lateral motion or cornering. Force required at rack of the mechanism is evaluated using 

equation. 

 𝐹𝑟𝑎𝑐𝑘 = 2𝐹 

 

3.1.9.1 

 

 

 

 

Figure 28: Coefficient of friction estimation 

Graph  

Figure 27: Torque equation illustration 
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Steering effort is calculated by multiplying force on rack with radius of pinion gear. But for the 

accurate calculations of steering effort, mechanical losses are incorporated. Rack and pinion 

mechanisms provide efficiency of 85% to 90%. Universal joint efficiency depends upon the angle. 

In case it low as it is 93% efficient and there are about 2% losses due to friction. The overall 

efficiency of mechanism can be calculated by using these factors. So, steering effort is calculated 

by using equation below. 

 

 
𝑆𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝐸𝑓𝑓𝑜𝑟𝑡 = 𝑇𝑠 =

𝐹𝑟𝑎𝑐𝑘 × 𝑟𝑝

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑠𝑦𝑠𝑡𝑒𝑚
 

 

 

Where 𝑟𝑝 is radius of pinion gear. Using above equations steering effort and forces are calculated 

as shown in table. 

 
Table 13: Steering Effort Result 

Expression Values 

Kingpin axis Torque (T) 11.0279 Nm 

Tie Rod length (𝒍) 222.7651 mm 

Force at tie rod inner ball joint (F) 85.2359 N 

Force at rack (𝑭𝒓𝒂𝒄𝒌) 170.4718 N 

Steering Effort (𝑻𝒔) 5.5 Nm 

Force at steering Wheel 27.5 N 

 

3.1.10. Motor selection 

Based on steering effort Calculation, NEMA 34 stepper is selected. 

3.1.10.1. Motor Specifications 
 

Factor Specification 

Type  Hybrid 

Step angle 1.8° 

Torque  8 Nm. 

Power voltage 24-1000 DC 

Current  6 A 

Shaft diameter 14 mm 

Body length  136 mm 

                                                                 Table 14: Motor Specification 
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3.1.10.2. Assembled Mechanism 
 

 

Figure 30: Steering system's parts 

3.1.11. Analysis 

3.1.11.1.  Steering gears 
 Table 15: Aluminum Properties 

 

 

 

 

 

 

 

 

 

 

Properties Value 

Yield Strength (Ys) 95 MPa 

Ultimate Tensile Strength (Us) 110 MPa 

Allowable Stress (Ys) 38 MPa 

Youngs Modulus (E) 69000 MPa 

Poison ratio (ʋ) 0.33 

Figure 29: Steering System 
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After creating the steering gears geometry in solid works, the model was transported to Ansys 

workbench module. Aluminum was selected as the construction material for the gears. Properties 

of aluminum are shown in the table. 

 

3.1.11.1.1. Static structural 

Firstly, static structural analysis was performed, results are shown below. 

 

3.1.11.1.2. Explicit Dynamic 

After performing static structural the next was to perform explicit dynamic analysis, results are 

shown in figures below. 

 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 32: Total deformation 
Figure 34: Equivalent stress (MPa) 

Figure 33: Fatigue safety factor Figure 31: Static safety factor 

Figure 36: Explicit dynamic: Equivalent stress Figure 36: Explicit dynamics: Total deformation 
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3.1.11.1.3. Modal Analysis 

Lastly the modal analysis was performed to determine the vibration characteristics and movement 

under dynamic loading. Natural frequencies and mode shapes are shown below: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.11.2. Steering column 

 

 

 

 

AISI 1020 steel was selected for the construction of steering column. Properties  

 
Table 16: AISI 1020 Properties 

 

 

 

 

3.1.11.2.1. Static Structural Results 

Static structural analysis of steering column was done to find total deformation, equivalent stresses 

and safety factors. The maximum load on steering is with motor torque. The results are given as 

follow  

Properties Value 

Yield Strength (Ys) 350 MPa 

Ultimate Tensile Strength (Us) 420 MPa 

Youngs Modulus (E) 200,000 MPa 

Poison ratio (ʋ) 0.29 

Figure 37: Mode shapes 
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3.1.11.2.2. Modal Analysis 

3.1.11.3. Steering knuckle 

Analysis was performed on Ansys using AISI 1035 steel as the construction material for the 

steering knuckle. The properties are presented in the table. 

 

 

 

 

 

 

Figure 38: Static Structural Results of Steering Column 

Figure 39: Vibrational Analysis 
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Then the static structural analysis of steering knuckle was performed to find the total deformations, 

stresses and safety factors as shown below in the figs.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 17: AISI 1035 Material Properties 

Property Value  

Youngs modulus 205,000 MPa 

Poisson’s ratio 0.29 

Tensile ultimate 

strength  

585 MPa 

Tensile yield strength 282.68 MPa 

Figure 41: Knuckle total deformation. Figure 41: Equivalent stress 

Figure 43: Static safety factor Figure 43: Fatigue safety factor 
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3.1.11.4. Steering knuckle holder 

 

3.1.12. Fabrication 

The steps which were taken towards fabrication of complete steering system assembly are shown 

in the flowchart below: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.12.1. Wheel assembly 

The first step in fabrication of steering system is wheel assembly. The wheel hub is attached to 

the rim with the help of spokes and aligned centrally to avoid wobble in the wheel. After 

completion of rim assembly inflated tyres and tubes are assembled with rim, then the complete 

assembly is pressurized to the rated pressure. The brake disc is attached to the hub of the wheels 

and finally alignments are checked again.  

 

Figure 47: Static safety factor Figure 47: Fatigue safety factor 

Figure 47: Total deformation Figure 47: Equivalent stress 
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3.1.12.2. Steering knuckle fabrication 

After wheel assembly fabrication of steering knuckle starts with the machining of wheel spindle. 

Wheel spindle is machined according to the fitting of tyre hub as shown in the drawing in the 

appendix. The biggest challenge in manufacturing of steering knuckle is to ensure appropriate 

angles of steering like KPI, Ackerman angle, and camber angle. The Ackerman angle in the 

steering is 11 degrees according to the Ackerman principal. The machined wheel spindle is shown 

in the figure. 

Steering knuckle tube for the fitting with chassis is machined as shown in the figure below. 

Bearing is fitted in these tubes for minimizing friction and ensuring smooth motion. 
 

 

These machined parts are then assembled while keeping the KPI angle of 14 degrees. The KPI 

angle is ensured in assembly of these components by using fixture as shown in the fig. The tie rod 

mount is also welded to the steering knuckle at Ackerman angle of 11 degrees by using fixture 

and complete assembly of steering knuckle is shown in the figure below: 

 

 

 

Figure 49: Steering knuckle tube Figure 49: Wheel spindle 

Figure 51: Fixture to ensure KPI 
Figure 51: Steering knuckle assembly 
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Fixture is used to ensure steering angles is made up of acrylic sheet of 2 mm thickness. Parts of 

fixture are cut through laser cutting method, the “dxf” file is shown in fig. 87 3D CAD model and 

the manufactured fixture are shown in the figure below respectively. 

 

  

3.1.12.3. Steering knuckle holder fabrication 

Sheets of steering knuckle holder are cut according to the drawing dimensions in the appendix. 

Knuckle plates are displayed in the fig. plates are welded by placing steering knuckle tube between 

the plates. Alignment of steering knuckle holder is ensured using gusset and spirit level. 

 

Figure 52: dxf file 

Figure 53: Fixture CAD Figure 54: Manufactured fixture 

Figure 56: Steering knuckle plates 

Figure 56: Steering knuckle holder 
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3.1.12.4. Rack and Pinion mechanism and Tie rod assembly 

Rack and Pinion assembly of super carry is prepared. Tie rod of specified length are cut and 

assembled at the inner ball joint.  

 

3.1.12.5. Welding lower assembly with chassis 

After fabrication of individual components, the lower part assembly is welded with chassis by 

steering knuckle holders. The integrated assembly with 

 

3.1.12.6. Stepper motor assembly 

For the automation of steering system, stepper motor is mounted on steering column. 

Manufactured Spur gear is shown in the figure below: 

 

 

Figure 57: Rack and Pinion assembly 

Figure 58: Lower assembly and chassis combined. 

Figure 59: Manufactured spur gear 
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3.1.12.7. Steering column assembly 

After fabrication of all the components, they were integrated to make steering column assembly 

as demonstrated in the figure below: 

 

 

3.1.13. Steer-by-wire Architecture 
 

The automotive standard that controls the lateral motion of the vehicle is characterized as steer-

by-wire mechanism. The mechanism eliminates the hydraulic or mechanical technology, while 

this scheme of operation constitutes of battery, stepper motor, Ackerman steering geometry, 

feedback sensor, micro-controller, and steering wheel. The sensors are used to detect the 

movements of the steering wheel and transmit this information to the micro-controller, which 

enables the sequence of steering operation to be performed. The steer-by-wire system has the 

potential of precise control, autonomous driving functionality, and safety during the drive. The 

steering architecture used is shown in the figure. 

 

 
Figure 61: Steer-by-wire architecture 

The development of lateral control on the steer-by-wire system is accomplished using the output 

from the low-level controller which indicates the steering angle of the wheel, and the error is 

minimized by generating the desired actuation using the stepper motor, such that the tracking of 

the desired trajectory profile is ascertained. The models are developed for each sub-components 

and relationships are defined to match the physical system as accurately as possible. To achieve 

efficient control, it is pertinent to dynamically administer all the disturbances and backlashes in 

the mechanical design, and accurate mapping of transfer function relations. 

 

 

 

 

Figure 60: Steering column assembly 
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Our design models the steer-by-wire mechanism based on the stepper motor. The stepper motor 

controller is used to control the number of steps to actuate the steering column, which operates at 

60 V input, and control the direction of rotation and steps of stepper motor. A boost converter is 

placed between the battery and the input to the stepper controller for conversion of 48 V battery 

voltage to the 60 V required by the motor. Another component of the steer-by-wire mechanism is 

the interface used for monitoring the position using an encoder sensor. The design is composed of 

a gear mechanism connecting the motor to the steering wheel along the steering column with gear 

ratio of 1:1, ensuring the motor rotates at the same speed as the wheel. The required hold-out 

torque is already achieved according to the specifications. The position of the steering wheel is 

measured as a relative encoder measurement to the base reference position of the wheel, 

maintaining a memory-based value determination of the wheel. 

The selection of the stepper motor is also based on the precision of micro-stepping, and the speed 

of operation to turn the steering wheel, and the holding torque characteristics. The selection of 

NEMA 34 motor is done according to the required specifications. 

The encoder works on CAN-bus protocol which sends the signal to the microcontroller for the 

current reading of the sensor. The circuit below represents feedback sensor connection:  

 

 
Figure 62 circuit for Feedback sensor connections 

3.1.14. Stepper Motor Controller Specifications 
Table.  Port Function Description 

Function Grade Definition Remarks 

Power supply input port AC Input AC power supply AC 20~80V  

DC 24~100V AC Input AC power supply 

Motor connection port B- connect two terminals of 

motor’s phase-B winding 

 

B+ 

A- connect two terminals of 

motor’s phase-A winding A+ 

Enable connection ENA+ Enable control interface 3.3 ~ 24V level 

compatible ENA- 

Pulse connection PUL+ Pulse input interface 

PUL- 

DIR+ Direction input interface 
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Table.  Current Setting of Controller 

 

 

3.1.14.1. Stepper Motor Controller setup 

Current limit of controller is setup to the average value of 6.0 A for maximum power. So, SW1, 

SW2 and SW3 are turned off to limit for safety of stepper motor. The second and important step 

is to setup motor speed for turning of steering. The maximum speed is 180 rpm for quick response 

of vehicle in case of high steering angle. So, the controller is setup to minimum of 1600 

steps/revolution. It means controller will complete one revolution with 1600 pulses of step. setup 

of controller switches is shown in fig. 

 
Figure.  Controller Setup Switches 

3.1.14.2. Stepper Motor Control 

Arduino UNO is used to control the actuation of stepper motor. Arduino program of motor control 

is given in the appendix. Also, the library used to run stepper motor with Arduino is 

‘AccelStepper’. The main features of this control are as follows. 

• Receive steering angle error in the form of bit and move the stepper motor until the error 

approaches to zero. 

• Calculate the required speed of turning of stepper motor based on steering angle error using 

a linear function. The linear function is given as  

 

 𝑆𝑡𝑒𝑝𝑝𝑒𝑟 𝑆𝑝𝑒𝑒𝑑 =  𝐾 × 𝑆𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 𝑒𝑟𝑟𝑜𝑟 ± 𝐶 

 

 

 

DIR- 

Peak Current Average Current SW1 SW2 SW3 Remarks 

2.4A 2.0A on on on Other 

Current can 

be custom-

made. 

3.1A 2.6A off on on 

3.8A 3.1A on off on 

4.5A 3.7A off off on 

5.2A 4.3A on on off 

5.8A 4.9A off on off 

6.5A 5.4A on off off 

7.2A 6.0A off off off 
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Where k is a proportional gain constant, whose value is K = -5.5 for our controller and 𝐶 is 

minimum threshold pulses for stepper sent to stepper electronic controller which is 480 for our 

controller.  

• Control direction of motor is based on the error of steering angle. 

• Enable steering system to switch between autonomous and manual driving mode of 

steering system. 

• Steering angle error to the Arduino UNO is received using I2C communication method 

from the proportion control of steering. 

3.1.14.3. Proportional Control  

• We are using proportional controller for steering system automation for now. So, the 

feedback of vehicle speed is not included which requires PID control. The main tasks of 

proportional controller. 

• Convert the reference steering angle received from high level Stanley Controller to bit. 

The conversion expression is given as  

 
𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐴𝑛𝑔𝑙𝑒 (𝑏𝑖𝑡𝑠) =  

60

90
× 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑛𝑔𝑙𝑒 (𝑑𝑒𝑔𝑟𝑒𝑒) 

 

 

• Then reference angle is converted to steering rotation using a linear function. The transfer 

function between steering angle and steering column rotation is developed using 

experimental data measured through multiple iteration. Collected data is used to develop 

linear transfer function of steering system as presented in the fig.  

 

 

 𝑓(𝑥) = 0.04526𝑥 − 0.3058 

 

 

• Controller receives feedback of steering rotation from steering encoder. Data is received 

using CAN communication protocol between steering encoder and Arduino UNO. The pin 

used for communication is “MCP_can.h”.  

Figure: Proportional Control Transfer Function 
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Physical implementation of lateral on vehicle is shown in the fig. 

Lateral control is tested by providing different steering reference values. It was observed that 

steering reaches the reference angle accurately. Lateral is also responsive to sudden changes in 

angle to tackle with emergency situations. Fail safe mode is also added to steering system, the 

autonomous mode turns off when throttle is pressed, or stepper enable button is turned off 

3.1.14.3.1. Control Block Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.14.3.2. Steering Control 

Once the precise position of the steering wheel is known, the next task is to map the actual steering 

angle, which is measured in degrees. The calibration of the readings of sensor and the steering 

angle is performed, generating a relationship among the quantities, which is of particular 

importance to the lateral control algorithms. Since the sensor retains memory, it can distinguish 

between human mode control and the autonomous mode control, since the feedback sensor is 

powered by an external source and always turned-on so even the slight rotation of steering wheel 

is monitored and fed back. This feedback is taken from a steering angle sensor attached to the 

steering of the vehicle. Calibration of the steering angle sensor is done by taking a series of data 

points for several steering angles and the relation is mapped using the MATLAB curve fitting tool. 

The physical subsystem is shown in the figure. 

Figure 63: Physical Implementation of lateral Control 
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Figure 64 Shows the physical subsystem of the steering assembly. 

 

3.2. Braking System 
These are the general vehicle parameters which were considered for braking force calculations: 

 
Table 18: Braking System Parameters 

Quantity Value Units 

Mass of vehicle  100 Kg 

Mass of driver 70 Kg 

Static friction coefficient 

between road and tire  

0.7 - 

Height of Centre of Gravity of 

vehicle w.r.t ground 

250 Mm 

Wheelbase of vehicle 1750 Mm 

Width of tire 80 Mm 

Rolling radius of tire 304.5 Mm 

Diameter of rim 431.8 Mm 

Front weight distribution (in 

terms of percentage of total 

weight of vehicle) 

48% - 

Rear weight distribution (in 

terms of percentage of total 

weight of vehicle) 

52% - 

Effective radius of brake disc 105 Mm 

Maximum 

acceleration/deceleration   

9.81 ms-2 

Front trackwidth of vehicle 1000 Mm 

Rear trackwidth of vehicle 850 Mm 

Master cylinder bore size 19.05 Mm 

Diameter of pistons on brake 

calipers 

18 Mm 

Coefficient of friction between 

brake pad and brake disc 

0.5 - 
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Density of brake oil 1010 kg/m3 

Kinematic viscosity of brake 

oil 

0.00230276 m2/s 

 

3.2.1. Braking systems calculations 

While braking, under the condition the vehicle is moving in the forward direction, the deceleration 

will result in vehicle’s weight transfer from rear to front side of vehicle. Hence, it is needed to 

calculate this weight transfer using several things such as the coefficient of friction between the 

road and tires, total static weight of vehicle (and driver) 𝑊, approximated height of the center of 

gravity 𝐻 above the road surface, and the wheelbase of vehicle 𝐿 , deceleration 𝑎  and acceleration 

due to gravity 𝑔 .The vehicle weight transfer can be calculated as follows; it is denoted as 𝐹𝑇:  

 

 
𝐹𝑇 =

𝜇𝐵𝑊𝐻 

𝐿
×

𝑎

𝑔
 

 

 

The weight transfer will be used to calculate the dynamic normal forces on both front and rear 

tires at the time of braking. Now we can calculate the dynamic normal force on both front tires 

i.e., dynamic normal forces on front tires  𝐹𝑁𝐹 and dynamic normal forces on rear tires 𝐹𝑁𝑅, these 

can be calculated using: 

 

 
𝐹𝑁𝐹 =

𝑊𝐿𝑅 

𝐿
+ 𝐹𝑇 

 

 

 
𝐹𝑁𝑅 =

𝑊𝐿𝐹 

𝐿
− 𝐹𝑇 

 

 

Where 𝐿𝑅 is the distance between rear axle and center of gravity of vehicle Similarly, 𝐿𝐹  is the 

distance between front axle and center of gravity of the vehicle. 

Now taking a summation of moments of the center of rotation of one of the front and rear tires. 

So, for the front and rear wheel tires of vehicle we have 

 

 ∑ 𝑀𝑜 = 0 

For front tires, summation of moments gives: 

 

 𝐹𝐹𝐶𝑃𝑅𝐹𝐶𝑃 −  𝜇𝐵𝐹𝑁𝐹𝑅𝐹𝑇 = 0 

 

 

Similarly, for rear tires, summation of moments gives: 

 𝐹𝑅𝐶𝑃𝑅𝑅𝐶𝑃 −  𝜇𝐵𝐹𝑁𝑅𝑅𝑅𝑇 = 0 

 

 

Where, 𝐹𝐹𝐶𝑃  & 𝐹𝑅𝐶𝑃 are the sum of frictional forces generated by front two brake calipers and rear 

two calipers. 𝑅𝐹𝐶𝑃 & 𝑅𝑅𝐶𝑃 are the effective radii of brake-disc on which frictional forces are 

acting, and 𝑅𝐹𝑇 & 𝑅𝑅𝑇 are the radii of front and rear tires. 

 

For the front and rear tires, total frictional forces generated by the calipers can be written in terms 

of the normal forces that the calipers exert on the brake-disc multiplied by the coefficient of 

friction of brake pad and brake-disc. 

 

 𝐹𝐹𝐶𝑃 =  𝜇𝐶𝑃𝐹𝑁𝐹𝐶𝑃 

 

 

 𝐹𝑅𝐶𝑃 =  𝜇𝐶𝑃𝐹𝑁𝑅𝐶𝑃 
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Where, 𝜇𝐶𝑃  is the coefficient of friction of brake pad and brake-disc.  𝐹𝑁𝐹𝐶𝑃 & 𝐹𝑁𝑅𝐶𝑃  are the 

normal forces that calipers exert on brake pad. 

Now, the normal forces that are generated from each set of calipers, are related to pressure in each 

brake hydraulic line and area of each caliper piston as, 

 

𝐹𝑁𝐹𝐶𝑃 = (𝑁𝑜. 𝑜𝑓 𝑓𝑟𝑜𝑛𝑡 𝑐𝑎𝑙𝑖𝑝𝑒𝑟 𝑝𝑖𝑠𝑡𝑜𝑛𝑠)𝑃𝐹𝐴𝐹𝐶𝑃  
 

𝐹𝑁𝑅𝐶𝑃 = (𝑁𝑜. 𝑜𝑓 𝑟𝑒𝑎𝑟 𝑐𝑎𝑙𝑖𝑝𝑒𝑟 𝑝𝑖𝑠𝑡𝑜𝑛𝑠)𝑃𝑅𝐴𝑅𝐶𝑃 

Where, 𝑃𝐹  & 𝑃𝑅 are the hydraulic pressure in front and rear brake lines. 𝐴𝐹𝐶𝑃  & 𝐴𝑅𝐶𝑃 are the areas 

of each brake caliper piston, on which normal force from hydraulic brake line acts. 

Pressure in the front and rear brake hydraulic lines are as follows: 

 

 
𝑃𝐹 =

𝐹𝑁𝐹𝐶𝑃

(𝑁𝑜. 𝑜𝑓 𝑓𝑟𝑜𝑛𝑡 𝑐𝑎𝑙𝑖𝑝𝑒𝑟 𝑝𝑖𝑠𝑡𝑜𝑛𝑠) × 𝐴𝐹𝐶𝑃
  

 

 

 

 
𝑃𝑅 =

𝐹𝑁𝑅𝐶𝑃

(𝑁𝑜. 𝑜𝑓 𝑓𝑟𝑜𝑛𝑡 𝑐𝑎𝑙𝑖𝑝𝑒𝑟 𝑝𝑖𝑠𝑡𝑜𝑛𝑠) × 𝐴𝑅𝐶𝑃
  

 

 

Now for calculation of pressure losses in circular brake pipes (hydraulic lines) we have the 

relation, 

Total Head Loss  ℎ𝐿𝑇  = ∑ Major head loss  ℎ𝐿  +   ∑ Minor head loss ℎ𝐿𝑀 

Where Major head loss  ℎ𝐿 are the pressure losses due to friction between wall and fluid. Minor 

head loss ℎ𝐿𝑀 are the pressure losses due to components such as valves and bends etc. These can 

be calculated using following relations for circular pipes. 

 
𝑀𝑎𝑗𝑜𝑟 ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 = ℎ𝐿 =

𝑓𝐿𝑉𝑜𝑖𝑙−𝑝𝑖𝑝𝑒𝑠
2

2𝑔𝐷
 

 

 
𝑀𝑖𝑛𝑜𝑟 ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 = ℎ𝐿𝑀 =

𝐾𝑉𝑜𝑖𝑙−𝑝𝑖𝑝𝑒𝑠
2

2𝑔
 

 

 

Where 𝑓 is Darcy’s friction factor, 𝐿 is the length of pipe, 𝑔 is acceleration due to gravity, 𝐷 is 

the diameter of pipe, 𝐾 is loss coefficient for pipe bends/valves/fittings etc. and 𝑉𝑜𝑖𝑙−𝑝𝑖𝑝𝑒𝑠 is the 

velocity of brake oil inside pipe (hydraulic line).  

The value of 𝑓 is darcy’s friction factor can be calculated using following relations for laminar 

flow (as we are having very slow flow speed of brake oil) 

 

 
𝑓 =

64

𝑅𝑒
 

 

Where, 𝑅𝑒 is Reynolds number. It is used to determine whether the fluid flow is in laminar or 

turbulent flow regime. It can be calculated using following relation 

 

 
𝑅𝑒 =

𝐷 𝑉𝑜𝑖𝑙−𝑝𝑖𝑝𝑒𝑠 

𝜗
 

 

Here 𝜗 is the kinematic viscosity of fluid (brake oil). 

For calculation of brake oil’s velocity, the volume of oil displaced during stroke/travel of master 

cylinder pushrod 𝑉𝑜𝑖𝑙  can be given by following relation. 

 

 𝑉𝑜𝑖𝑙 = 𝜋𝑟𝑀𝐶
2 𝑠𝑀𝐶 

Where 𝑟𝑀𝐶 is the radius of Master Cylinder’s bore (MC) and 𝑠𝑀𝐶 is the stroke length of pushrod 

of master cylinder. 

Using equation of volume flow rate 𝑄𝑜𝑖𝑙 

 
𝑄𝑜𝑖𝑙 =

𝑉𝑜𝑖𝑙

𝑡𝑏
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Where, 𝑡𝑏 is the braking time. 

Now using continuity equation on the control volume between inlet of master cylinder near 

pushrod i.e., related to bore size and hydraulic brake oil pipe 

 

 𝑄𝑜𝑖𝑙 = 𝐴1𝑉1 = 𝐴2𝑉2 

 

 

 
𝑉2 =

𝑄𝑜𝑖𝑙

𝐴2
= 𝑉𝑜𝑖𝑙−𝑝𝑖𝑝𝑒𝑠 

 

 

Where 𝐴1 & 𝑉1represent the cross-section area of the inlet of master cylinder near pushrod i.e., 

calculated using bore size and velocity of brake oil in the master cylinder inlet, respectively.  

𝐴2 & 𝑉2 represent cross-sectional area of hydraulic brake pipe and velocity of brake oil in 

hydraulic brake pipe, respectively.  

So, pressure drop can be calculated using, 

 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠 = 𝑃𝑙𝑜𝑠𝑠−𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑔ℎ𝐿𝑇 

 

 

So, force required by driver to press the brake pedal is given by 𝐹𝑏𝑝 

 
𝐹𝑏𝑝 =

 𝑏

𝑎
 𝐹𝑀𝐶  

 

Here  
𝑏

𝑎
 is called the pedal ratio where 𝑎 is the distance between pivot point of brake pedal and 

place of application of force from foot and 𝑏 is the distance between pivot point and master 

cylinder pushrod end, where force from master cylinder’s pushrod is applied. 

So, the kinetic energy of the vehicle is converted into thermal energy to stop the vehicle using 

braking system. For calculating kinetic energy of the vehicle 𝐾. 𝐸 

 
𝐾. 𝐸 =

1

2
𝑚𝑣𝑉𝑣

2 
 

Where 𝑚𝑣 = Mass of the vehicle 

𝑉𝑣 = Velocity of vehicle 

So, rate of total heat generation because of stopping the vehicle from velocity 𝑣𝑣 is defined as 𝑄𝑡
̇   

 

 
𝑄𝑡

̇ =
𝐾. 𝐸

𝑡𝑏
 

 

 

Where, 𝑡𝑏 is the braking time or time required for braking. 

This, total heat generation is divided into two parts i.e., rate of heat generation at front disc brakes 

𝑄�̇�  and rate of heat generation at rear disc brakes 𝑄𝑟 ̇ . This is related to percentage brake biasing 

of the vehicle’s front and rear braking system,  

 
%𝐵𝐵𝑓𝑟𝑜𝑛𝑡 =

𝐹𝑁𝐹

𝐹𝑇
 × 100 

 
%𝐵𝐵𝑟𝑒𝑎𝑟 =

𝐹𝑁𝑅

𝐹𝑇
 × 100 

 
𝑄�̇� =

%𝐵𝐵𝑓𝑟𝑜𝑛𝑡

2
× 𝑄𝑡

̇  

 
𝑄�̇� =

%𝐵𝐵𝑟𝑒𝑎𝑟 

2
× 𝑄𝑡

̇  

 

Where  %𝐵𝐵𝑓𝑟𝑜𝑛𝑡 = Percentage of brake biasing (in decimal form) for front two tires. 

 %𝐵𝐵𝑟𝑒𝑎𝑟 = Percentage of brake biasing (in decimal form) for rear two tires. 

The following table shows the values of parameters that were calculated using formulas for the 

mentioned above. 
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Table 19: Braking System Calculations 

Parameters Value Units 

𝑾 170 Kg 

𝑯 250 Mm 

𝑳 1750 Mm 

𝝁𝑩 0.7 - 

𝝁𝑪𝑷 0.5 - 

𝒂 9.82 ms-2 

𝒈 9.82 ms-2 

𝑭𝑻 95.29 N 

𝑭𝑵𝑭 895.79 N 

𝑭𝑵𝑹 771.91 N 

𝑭𝑭𝑪𝑷 948.76 N 

𝑭𝑹𝑪𝑷 817.55 N 

𝑭𝑵𝑭𝑪𝑷 1897.52 N 

𝑭𝑵𝑹𝑪𝑷 1635.10 N 

𝑵𝒐. 𝒐𝒇 𝒇𝒓𝒐𝒏𝒕 𝒄𝒂𝒍𝒊𝒑𝒆𝒓 𝒑𝒊𝒔𝒕𝒐𝒏𝒔 04 - 

𝑵𝒐. 𝒐𝒇 𝒓𝒆𝒂𝒓 𝒄𝒂𝒍𝒊𝒑𝒆𝒓 𝒑𝒊𝒔𝒕𝒐𝒏𝒔 04 - 

𝑨𝑭𝑪𝑷 254.469 mm-2 

𝑨𝑹𝑪𝑷 254.469 mm-2 

𝑷𝑭 1864  KPa 

𝑷𝑹 1606 KPa 

𝑽𝒐𝒊𝒍 5985.48 mm3 

𝒕𝒃 0.75 S 

𝑸𝒐𝒊𝒍 7980.64 mm3s-1 

𝑽𝒐𝒊𝒍−𝒑𝒊𝒑𝒆𝒔 1209.675 mms-1   

𝑫 03 Mm 

𝝑 0.0006972 m2s-1 

𝑹𝒆 5.21 - 

𝒇 0.5 - 

𝑲 0.3 - 

𝒉𝑳 4.189(front), 29.32(rear) M 

𝒉𝑳𝑴 0.089(front), 0.134(rear) M 

𝒉𝑳𝑻 4.278(front), 29.45(rear) M 

𝑷𝒍𝒐𝒔𝒔−𝒕𝒐𝒕𝒂𝒍 42.39(front), 291.86(rear) KPa 

𝑭𝒃𝒑 172.9 N 
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3.2.2. Wire-rope and winch calculations 

As discussed earlier, we have used a wire-rope and winch mechanism for actuation of braking 

mechanism in autonomous drive mode. Our design goal for the components was to design for 

infinite life i.e., one million load cycles. The design procedure for wire-rope calculations is as 

follows 

The fatigue tensile strength of wire-rope 𝐹𝑓 is given by following relation, 

 

 
𝐹𝑓 =

(𝑝/𝑆𝑢)𝑆𝑢𝐷𝑑 

2
 

 

Where   (𝑝/𝑆𝑢) = specified life or No. of loading cycles, 

𝑆𝑢 = ultimate tensile strength of the individual wires 

𝐷 = sheave or winch drum diameter 

𝑑 = nominal wire rope size 

𝑆𝑢 ultimate tensile strength of the individual wires can be calculated using, 

 

 
𝑆𝑢 =

2000𝐹

𝑑𝐷
 

Where 𝐹 = Tensile force applied on wire-rope. 

 

Also, 𝑃 is called bearing pressure and is given by, 

 

 
𝑃 =

2𝐹

𝑑𝐷
 

 

 

The equivalent bending load 𝐹𝑏 can be calculated by, 

 

 
𝐹𝑏 =

𝐸𝑟𝑑𝑤𝐴𝑚

𝐷
 

 

Where  𝐸𝑟 = Young’s modulus for the wire rope 

𝑑𝑤 = diameter of individual wires 

𝐴𝑚 = Metal cross-sectional area 

𝐷 = sheave or winch drum diameter 

The wire rope tension 𝐹𝑡 due to load and acceleration/deceleration is also the largest working 

tension. It is given by. 

 

 
𝐹𝑡 = (

𝑊

𝑚
+ 𝑤𝑙)(1 +

𝑎

𝑔
) 

 

 

Where 𝑊 = weight at the end of the rope or applied load 

𝑚 = number of wire ropes supporting the load  

𝑤 = weight/foot of the wire rope 

𝑙 = maximum suspended length of rope 

𝑎 = maximum acceleration/deceleration experienced 

𝑔 = acceleration of gravity 

The fatigue factor of safety 𝑛𝑓: 

 

 
𝑛𝑓 =

𝐹𝑓 − 𝐹𝑏

𝐹𝑡
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As our design is primarily fatigue-based design i.e., wire-rope faces cyclic loading when in 

operation. The value of fatigue factor of safety is shown in below table. 

 
Table 20: Fatigue Factor of Safety 

 

3.2.3. Braking System Components 

These are the components of our braking design: 

o Brake Disc 

o Brake Caliper 

o Fluid Pipes 

o Master cylinder 

o Brake Pedal  

o Wire Drum  

o Servo Motor 

o Servo Motor Mount  

o Base Mount 

  

Figure 65: Motor base mount    Figure 66: Braking servo motor. 

 

   

Figure 67: Servo Motor Mount component 1   Figure 68: Servo Motor Mount component 2 

Parameters Value Units 

𝒅 1.5 Mm 

𝑫 45 Mm 

𝑭 175 N 

𝑷 5.185 MPa 

𝒅𝒘 0.15 Mm 

𝒏𝒇 11.69 - 
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Figure 69: Rope support link    Figure 70: Winch 

 

 

Figure 71: Braking automation mechanism. 

3.2.4. Analysis 

3.2.4.1. Brake pedal 
Following boundary conditions were applied for static structural analysis: 

 

Figure 72: Brake pedal boundary conditions 
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3.2.4.1.1. FEA results 
The results of static structural analysis are as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.4.2. Brake master cylinder mount 

It is to support hydraulic master cylinder of vehicle besides the steering system. This part is under 

high load during braking. 

3.2.4.2.1. FEA results 

The results of static structural analysis are as follows: 

 

 

 

 

 

 

Figure 76:Brake pedal static F.O.S Figure 76:Brake pedal fatigue F.O.S 

Figure 74: Brake pedal deformation 
Figure 74:Brake pedal equivalent stress 

Figure 78: Brake master cylinder deformation results 
Figure 77: Brake master cylinder equivalent stress results 
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3.2.4.3. Brake pedal support 

This part is welded with chassis of the vehicle to fix brake pedal and provide pure rotational 

motion. 

3.2.4.3.1. FEA Results 

Finite Element Analysis (FEA) was done using Ansys 2020 R1. For calculation of static factor of 

safety, we have used equivalent Stress criteria and for fatigue factor of safety we have used 

Goodman fatigue failure criteria with 90% reliability. 

 

3.2.4.4. Mesh Convergence and Quality 

The results of Finite Element Analysis (FEA) were verified using convergence graph and 

skewness for various meshes. The results showed that some of the simulations were mesh 

insensitive. The graphs for mesh convergence are shown below: 

 

 

 

 

 

 

 

 

Figure 82:Brake master cylinder F.O.S Figure 82: Brake master cylinder F.O.S 

Figure 83: Brake pedal support equivalent stress results Figure 84: Total deformation 
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3.2.5. Manufacturing of braking system components 
 

For manufacturing of our designed braking components, we used several manufacturing processes 

both traditional and nontraditional ones these include drilling, machining, threading, and 3D 

printing. For assembly of the components, we used electric arc welding for permanent joining of 

the components and nut-bolt connections for temporary joining.  

3.2.5.1. Brake pedal manufacturing 

For brake pedal, we used traditional machining techniques, such as vertical milling using lathe 

machine, drilling and boring using lathe machine. We used simple traditional machining 

techniques, such as drilling etc. to manufacture the brake pedal mounts. 

3.2.5.2. Winch manufacturing 

We used 3D printing facility available in university, to fabricate the pulley for our project. It was 

good enough for prototype testing, as in our application. 

 

 

Figure 86: Mesh convergence 

Figure 86: Skewness 

Figure 88: Skewness Graph 

Figure 88: Mesh Statistics 

Figure 90: Brake pedal 

manufactured. 
Figure 89:3D printed winch. 
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3.2.5.3. Brake pedal mount 

For manufacturing of brake pedal mount, we used drilling and machining operations. We then 

welded it to the chassis, for permanent joining. 

3.2.5.4. Brake disc and calipers 

We purchased brake disc and calipers, from market and assembled them, into the wheel assembly. 

 

3.2.5.5. Brake caliper mount 

It was manufactured using, conventional machining processes, and then welded with the knuckle. 

The brake calipers were then, bolted upon it as shown in the figure below: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 91: Brake disc and caliper 
Figure 92: Brake pedal mount manufactured. 

Figure 93: Brake caliper mount manufactured. 
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3.2.5.6. Complete braking system assembly 

Following image shows the complete braking system assembly after manufacturing. 
 

3.2.6. Brake-by-wire Architecture 

The brake-by-wire architecture allows the control of brakes through electro-mechanical actuators, 

for the application of brakes to reduce the speed of vehicle. Brakes are an integral component of 

a vehicle, ensuring the safety, and integrity of design of a vehicle. The standards of brake-by-wire 

systems have the potential to apply brakes by eliminating any hydraulic or mechanical sub-

systems. The highest potential risk for brake system failure is mitigated by use of robust and 

efficient coupling mechanism design for our vehicle. Figure shows the braking architecture of the 

vehicle. 

 
Figure 95: Brake by wire architecture. 

The mechanism that is implemented in our vehicle comprises of servo motor, reciprocator, 

hydraulic brakes, feedback sensor, micro-controller, and the brake pedal. These components are 

mechanically coupled with the pedal allowing human brake mode, and the interface in 

autonomous mode enabled by using servomotor and a reciprocator coupling mechanism. The 

servomotor is selected based on the torque specifications, and rotational speed which will impact 

the braking duration in autonomous mode. Since the servomotor has a constrained rotation along 

the axis, the motor is used to apply the brakes while it turns 180 degrees and release the breaks 

when it is at 0 degrees. The interface of manual mode and autonomous mode is toggled by the 

application of force on the brake pedal, and the sensor immediately recoils the servomotor, so a 

smooth transition is experienced, updating the brake pedal position. 

 

 

 

 

Figure 94:Complete braking system assembly manufactured. 
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For automation of braking system, we used a feedback loop based PID controller. The components 

of braking control system are Arduino UNO (microcontroller) which does the required 

calculations and send signal to the braking servo motor which is used to pull a wire-rope (using 

winch-rope mechanism), and this forces the master cylinder pushrod via actuation of the brake 

pedal which is attached to wire-rope of motor. The braking servo motor is powered using the main 

battery pack of the vehicle with a Buck Converter in between motor and battery pack to convert 

the 48V of current from battery to 7.2V for powering the braking servo motor. The microcontroller 

(Arduino UNO) is powered using a CAN bus shield.  

Working of braking control system is such that for autonomous braking a signal is sent from 

Xavier (which senses when braking is required using the cameras and sensors) to the CAN-bus 

shield then to Arduino UNO (micro controller for braking control system). The microcontroller 

takes a feedback signal of current position of braking servo motor then the microcontroller 

calculates the error between the current position of servo motor and the desired position of servo 

motor. A signal is then sent from microcontroller to the braking servo motor to reach the desired 

position on servo motor. Then the servo motor pulls the wire-rope which is attached to the brake 

pedal, and this pushes the master cylinder pushrod which causes stopping of vehicle.  

Like the drive-by-wire architecture, the wheel encoder is used to monitor the speed of the vehicle 

and the longitudinal controller determines the need to brake with specific force and requirement 

as computed by the desired velocity profile. The architecture includes the Arduino which controls 

the servo motor position, and a transfer function is mapped for the position of the servo motor and 

reciprocator blocks to the actual braking force experienced by the tires. This relationship is 

evaluated, and both the time response and stability must be ensured for safe operation. 

 

3.2.7. Brake-by-wire block diagram 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 96:. Brake-by-wire block diagram 

3.2.8. Braking Mechanism 

The control of braking system is implemented on vehicle using Arduino UNO. Controllers receive 

the reference angle from high level controller and actuate the braking mechanism with servo 

motor. Program of Braking control is given in the appendix. The physical implementation is 

shown in the figures below: 
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Figure 97: Brake control system components 

 

Figure 98. Brake control system MC and buck converter 

3.3. Drivetrain 

3.3.1. Design of components: 

We designed and manufactured most of the components of drive train by ourselves i.e., shafts, 

sprockets and bearing mounts. These are the theoretical calculations for drive train assembly. 

3.3.2. Design of shafts: 

As we have used two stage gear reduction for achieving required speeds and control. So, we had 

to design two separate shafts i.e., primary/main shaft (longer in length) and a secondary shaft 

(smaller in shaft). The rotational motion from motor is transferred to secondary shaft via 

sprockets-chain mechanism. Which is than transferred to primary/main shaft via another chain-

sprocket mechanism. Material of each shaft is stainless steel.  

 

3.3.3. Theoretical calculations: 

For determination of diameter of shaft based on static and fatigue loading we have used following 

formulas from Shigley’s machine design book: 

 

Tangential /radial force on sprocket: 

𝐹𝑠 =
𝑇𝑠

𝑟𝑠
 

Equations of Equilibrium: 

∑𝐹𝑧 = 0 

𝐹𝐴𝑍 + 𝐹𝑒𝑧 − 𝐹𝑡 = 0 

 

∑𝐹𝑥 = 0 

                                                                  𝐹𝑠 + 𝐹𝐴𝑥 − 𝐹𝐶𝑥 = 0 
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∑𝑀𝐴𝑧 = 0 

𝐹𝐶𝑥(𝑎 + 𝑏) − 𝐹𝑠(𝑎) = 0 

∑𝑀𝐴𝑥 = 0 

𝐹𝐶𝑧(𝑎 + 𝑏) − 𝐹𝑡(𝑎 + 𝑏 + 𝑐) = 0 

 

Calculations of Maximum Bending Moment 

                                                                                         

𝑀𝐵 =                                (𝑀𝐵𝑥^2 + 𝑀𝐵𝑧^2)^
1

2
  

 

𝑀𝐶 =                                 (𝑀𝑒𝑥^2 + 𝑀𝑒𝑧^2)^
1

2
 

 

𝑀𝑚𝑎𝑥 =                             max|𝑀𝐵 , 𝑀𝐶|        
 

Stress Concentration Factor: 

 

𝐾𝑓 =                      1+q (𝐾𝑡 − 1)   

 

𝐾𝑓𝑠 =                     1+q (𝑀𝑡𝑠 − 1)          

 

Von-Misses Stress Theory: 

 

d = [
𝑛

∏ 𝑆𝑦  
 {(32𝐾𝑓(𝑀𝑚 + 𝑀𝑎))^2 + 3(16𝐾𝑓𝑠( 𝑇𝑚 + 𝑇𝑎))^2}^

1

2
]^

1

2
     

 

De-Goodman 

 

d = (
16𝑛

∏
{

1

𝑆𝑒
[ 4(𝐾𝑓𝑀𝑎)

2
+ 3 (𝐾𝑓𝑠𝑇𝑎)

2
]

1

2
+  

1

𝑆𝑎𝑡
[4(𝐾𝑓𝑀𝑚)

2
+ (𝐾𝑓𝑠𝑇𝑚)

2
]}) ^

1

3
                       

 

De-Gerber: 

 

d = (
8𝑛𝐴

∏𝑆𝑒
{1 + [1 + (

2𝐵𝑆𝑒

𝐴𝑆𝑒𝑡
)

2

]

1

2

}) ^
1

3
      

                       

A =  (4(𝐾𝑓𝑀𝑎)
2

+ 3(𝐾𝑓𝑠𝑇𝑎)
2

) ^
1

2
      

                                                                                                                                                                                                                                                                      

B =  (4(𝐾𝑓𝑀𝑚)
2

+ 3(𝐾𝑓𝑠𝑇𝑚)
2

) ^
1

2
 

 

Critical Frequency/Speed of shaft: 

ῳ = (
∏

𝑙
) ^2 (

𝐸𝐼

𝑚
) ^

1

2
 

 

Deflection Criteria:     

                                                                                                                                   

𝑦𝑚𝑎𝑥  =   
𝐹𝑡𝐶^3

3𝐸𝐼
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Angle of Twist: 

 

Θ = 
𝑇𝑙

𝐽𝐺
 

 

Maximum Deflection at “b” 

                                                                                                                  

𝑦𝑚𝑎𝑥  =   
𝐹𝑡𝑏2

6𝐸𝐼𝑙
(2𝑏2 − 𝑙^2) 

 

3.3.4. Theoretical calculation results: 

 

We solved the relations shown above on MS Excel, the results of which are shown below: 
No. Quantity Value Units 

1 Yield strength for AISI 1035 Stainless 

steel 

270 MPa 

2 Diameter of main/primary shaft 25.4 mm 

3 Diameter of secondary shaft 25.4 mm 

4 Fatigue factor of safety of shafts 3 - 

5 Critical frequency of primary shaft 102.12 Hz 

 

3.3.5. Final manufactured drivetrain: 
 

Following images show manufactured drive train: 

 

 
 

   
Figure: Drive train manufacturing 
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3.3.6. Engineering drawings: 
 

 

 
Figure 3.2.8.99 Main shaft  

 

 
Figure : Small shaft drawing 
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Figure : Small shaft CAD 

 
Figure: 11 teeth sprocket 
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Figure : Wheel assembly 

 

Figure: Bearing block 
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Figure: Non driven wheel spindle 

 

Figure:  Single rear wheel powered assembly view-1 
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Figure : Single rear wheel powered assembly view-2 

 

 

 

Figure 3.2.8.100 Second stage reduction assembly view-1 
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Figure: Second stage reduction assembly view-3 

 

 
Figure : Drive train view-1 
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Figure 3.2.8.101 Non-driven wheel view-1 

 

3.3.7. Drive-by-wire Architecture 

With the prevalence of Electric Vehicles, the drive-by-wire technology is the standard framework 

for the operation of autonomous driving. The system innovates the technology of vehicle control 

systems to a more robust and precise electronic control method. The drive-by-wire architecture 

constructed for the vehicle is based on the electro-mechanical systems and is responsible for 

propelling the vehicle forward. The main components involved in the drive-line architecture are 

the power source i.e., battery and its power system, BLDC motor to drive the shaft, gear box for 

efficient torque conversion, and feedback sensors such as wheel encoders to monitor the vehicle 

state and form a closed loop design and a microcontroller which performs the low-level control. 

Auxiliary human control is also accommodated using pedals for the manual control and operation. 

A block diagram showing the driveline architecture with the components used is shown in figure 

below. 

 
Figure 102. Shows the Driveline Architecture 

A major component of the drive-by-wire architecture includes the power source, which is provided 

in the form of a Li-ion battery. It powers the throttle-pedal, BLDC motor, and the microcontroller 

in our design. The architecture is incorporated with a feedback sensor which is attached to the rear 

wheels. It monitors the speed of the tires which is used for tracking parameters for longitudinal 

control system. The feedback is done through wheel encoders. The control scheme is modelled to 

match the precision of the measurement devices, and the controlling parameters. In our design the 

gearbox in is used to increase the toque transmitted to the wheel from the motor, which has a ratio 

of 1:13 to prevent the motor stalling at higher loads. 
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3.3.8. Autonomous Control 

The autonomous component of the drive-by-wire control is designed with control commands 

transmitted through CAN-Bus to the microcontroller. The low-level controller receives a desired 

velocity as reference, and with the application of a PID controller, the motors are driven using 

similar strategy as pedal operation is referenced. The PID controller is constructed and tuned as 

per the design section. A toggling operation is performed while switching between the control 

methods, which ensures efficient design, simplifying the drive operation. [36] 

 

3.3.9. Human Auxiliary Control of Drive Train 

The primary operation of the drive-by-wire system constitutes of the throttle control through 

application of optimum PID control strategy. The electronic throttle pedal is used for the purpose 

of acceleration of motor. The throttle pedal operates on an input of 5 V DC, and the output of the 

pedal is sensed by the microcontroller as a digital value ranging from 0 to 1023 using a built-in 

10bit ADC. The sensed value determines the pedal position by comparison with the starting 

position and the current position voltage values. This relation determines the PWM that is used to 

drive the BLDC motor in auxiliary human control mode. The output of the microcontroller is used 

by a digital potentiometer, which connects to the BLDC motor controller. The relation set for the 

PWM control using the pedal position is set to a piece-wise linear graph. The motion of Hall Effect 

varies slowly with slow motor speeds, so the speed of the motor is not precisely controlled at low 

inputs. To design an efficient framework, the lower values of speed are approached with a wider 

range of pedal positions, while the high speeds are accommodated in a shorter range, which 

ensures that the precise control is achieved. The graph below details this relation: 
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3.4. Chassis Design 

 

3.4.1. Basis of selection 

We aimed to design lightweight chassis with an enhanced rigidity. Moreover, it should have 

compact design and should be easy to manufacture. Based on these requirements we selected 

tubular chassis. We are using square sectioned triangular tubes which are welded together to 

form a strong structure. 

3.4.2. Design of Chassis 

 

3.4.2.1. Ergonomics of vehicle 

Ergonomics is to make products more comfortable for workers and consumers. It is the process 

of designing or arranging workplaces, products, and systems so that they are suitable for the 

people who use them. 

As our vehicle is one-seater so the single seat chassis is needed to be design. According to urban 

concept rules of chassis and the vehicle design of shell Eco Marathon, the height of the chassis is 

1122 mm and width of the driver compartment is 630 mm. the height of driver seat is 100 mm 

above the base of the chassis for comfortable sitting of the passenger/driver. The placement of 

seat is made such that driver can easily steer, throttle, and brake the vehicle. The triangulation of 

vehicle is made such that driver can easily enter or exit the vehicle.  

3.4.2.2. Steering system hard points 

Rectangular members at the front of the chassis are designed to have the ground clearance of 

130 mm and to provide optimum support. The members were designed rectangular, to enhance 

the strength, as shown in the fig. 

 

3.4.2.3. Vehicle’s dimensions and parameters 

 

Vehicle and steering Parameters Values 

Wheelbase 1750 mm 

Front Trackwidth 1000 mm 

Rear Trackwidth 850 mm 

Ground clearance 130 mm 

Chassis width at Steering mounting 

Position 

630 mm 

Seat height 100 mm 

Vehicle door width 670 mm 

Vehicle door height 800 mm 

Driver compartment width 630 mm 

Driver compartment length 1200 mm 

Driver compartment height 1000 mm 

 

 

 Rectangular front members of chassis 
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3.4.2.4. 3D sketch  

We used solid works weldments module to design the chassis model. First, chassis 3D sketch 

was made as shown in the fig. 

 

3.4.2.5. Profiles of tubular section 

 

• We used two different kinds of profiles, square and rectangular. Further squared profiles 

are of two different cross-sections. The profiles specifications are given below. 

• Rectangular cross-section:  

• 1 × 2 inches (gauge 18) 

• Squared cross-section:  

• 1 × 1 inch (gauge 18) 

• ½ × ½ inch (gauge 18) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.6. 3D CAD model 

3D CAD model was constructed using weldments module in solid works. The profiles used for 

developing the model are displayed in the fig. above. 

 Rectangular profile 

Square Profiles 

Chassis 3D sketch 
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3.4.2.7. Analysis 

After developing the chassis model in solid works weldments module, we performed analysis in 

Ansys. The material chosen is AISI 1020, properties are shown below in the table. 

Table:  AISI 1020 Properties 

 

 

 

 

 

 

 

 

 

 

 

In the first step mesh was generated. The default mesh was further refined by using mesh 

method and the body sizing. Chassis mesh is shown in the fig. 

 

 

  

 

Property Value 

Young’s 

modulus 

200,000 MPa 

Poisson’s 

Ratio 

0.29 

Tensile 

Ultimate 

strength 

420.51 MPa 

Tensile Yield 

Strength 

351.57 MPa 

Selected Chassis 
 3D model views 

 Chassis mesh 
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Mesh statistics are as shown. 

 

The mesh independence was proved using the force reaction method. Reaction forces evaluated 

are shown below. 

The total forces which were applied to the model as the boundary conditions are: 

Along the X-axis: 0 N 

Along the Y-axis: -843.66 N 

Along the Z-axis: 0 N 

As can be seen from the above results. The reaction forces evaluated along the X and Z axis are 

negligibly small and can be considered equal to zero which is the case in applied forces. Also, 

the sum of forces applied along the Y axis and the reaction force along the Y axis are equal, 

hence mesh independence has been achieved. 

3.4.2.8.  Static Structural Analysis 

First the static structural analysis was performed to see the total deformation, stresses, and the 

safety factors. This analysis was carried out for two different scenarios, first with the original 

loads and then with 1.5X loads to cater for the sudden loads. Results are shown below: 

3.4.2.9. With Actual Loads 

Table 3.2.8-1: Reaction Forces 

Figure 3.2.8-7: Results with 1.5X Loading 
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3.4.2.10. With 1.5X Loads 

 

 

Torsional Stiffness 

Then we performed the static structural analysis for finding the torsional stiffness. The boundary 

conditions applied are shown below: 

 

 

 
𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =

𝐺 × 𝜃

𝐿
 

3.2.8.1 

Torsional stiffness = 29.1 x 106 Nm/deg 

Figure:Boundary Conditions 

Figure: Total Deformation 

Figure: static safety factor Figure: fatigue safety factor 

Figure: equivalent stress 
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3.4.2.11. Bending Stiffness 

Static structural analysis was performed one more time to find out the bending stiffness. 

The boundary conditions are shown below: 

 

Results are displayed below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure: Bending stiffness conditions. 

Figure: Equivalent Stress Figure: Total Deformation 

Figure: Torsional Stiffness Results 
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Figure: Bending: Axial Deformation 

 
𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =  

𝐹

𝛿
 

3.2.8.2 

 

Bending Stiffness = 218.975 KN/m 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.12. Modal Analysis 

Results for modal analysis are shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modes of vibration and their corresponding natural frequencies are presented below: 

 

 

 

 

 

 

 

 

 

 

 

Figure: Deformation Modes 

Figure: Natural frequencies 
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3.4.3. Fabrication  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Triangulation 

Steering mount assembly 

Base assembly 

Cutting the tubes 

Cut list & Drawings. 

                                           Chassis Fabrication 
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3.4.3.1. Cut list and Drawing: 

The first step of fabrication is to prepare design drawings and cut list. Cut list is used to cut the 

tubular cross-section according to given length. Drawings used in manufacturing are presented 

below. Cut list is mentioned in the appendix. 

 

3.4.3.2. Cutting the tubular sections 

Tubular sections were cut according to the required design length. For base of the chassis 

rectangular cross-sections are used and roll bar are of 1×1-inch square cross-section. Members 

used in triangulation are of 1×1-inch square cross-section. 

3.4.3.3. Base assembly 

After cutting tubular cross-section rectangular base members were welded together as presented 

in the fig. Base members are used to enhance the bending stiffness. After completion of base, we 

manufactured chassis rear compartment. Outer members where tires are to be attached are 

rectangular with cross-section 1×2-inch and inner members are square with cross-section 1×1-

inch as shown in the fig. 

 

 

 

 

Figure: Chassis Drawings 
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3.4.3.4. Integration of sub-systems 

Steering members were welded to the base of chassis and then the complete steering assembly 

was welded through steering knuckle holder. Afterwards, master cylinder was mounted on  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drive train assembly has been mounted in the rear compartment. Brake calipers mounted 

with the chassis along the tires are shown in fig. 

 

 

 

 

 

 

 

Triangulation  

Triangulation is applied to support the chassis and to provides mounting points for the 

body of vehicle. 

 

 

 

 

 

 

 

 

Figure: Base Assembly 

Figure:brake calipers mounted along the tires. Figure: Drive train assembly 

Figure: Chassis base welded to steering 

system. 
Figure: Master cylinder mounted on chassis. 



77 
 

3.4.3.5. Benefits of Triangulation 

Triangulation is used to increase the torsional stiffness of ten frame. It allows the chassis to be 

rigid and light weight simultaneously, as the triangular members are not subjected to bending 

loads and hence can be manufactured by relatively lightweight and less strength material. 

 

 

 

 

3.5. Body Design 

3.5.1. Analysis Results 
CASE 1 

Steady 

Velocity=15 m/s 

Re= 

No of nodes: 0.8million 

Drag plot 

 

Coefficient of lift 

 

Figure 104: Drag Plot 

Figure 105:  Coefficient of Lift 
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Residual’s plot 

 

Pressure Contour 

 

 

Velocity Contours 

 

 

Figure 106: Residual Plots 

Figure 107: Pressure Contours 

Figure 108: Velocity Contours 
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CASE 2 

Unsteady 

Velocity=15 m/s 

Re= 

No of nodes: 0.8million 

Time step:0.01s 

Solution time: 5s 

Coefficient of drag 

Coefficient of lift 

 

 

Figure 110: Coefficient of Lift 

Figure 109: Coefficient of Drag 
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Residuals Plot 

Pressure contours 

 

 

 

 

 

 

 

 

 

 

Figure 111: Residuals Plot 

Figure 112: Pressure Contours 
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Velocity contours 

 

Conclusion 

In comparison with last year’s design, we also performed the calculation using same techniques 

on the old body and value of coefficient of drag plot is shown: 

 

 

The value of cd of our new designed and manufactured body is 0.33; we have improved the 

aerodynamics from Cd 0.45 to Cd 0.33. 

 

 

 

 

 

 

 

 

Figure 113: Velocity Contours 

Figure 114: Coefficient of Drag for Old Body 
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3.5.2. MANUFACTURING 
After finalizing the geometry, the real task would be manufacturing. We would be manufacturing 

the geometry using the composite materials. Composites are usually manufactured by making the 

pattern first then using that pattern die is made, using that Die casting is carried out using 

composite material and epoxy resins. 

Flow diagram would be: 

3.5.2.1. Pattern Making 
 

 

3.5.2.2. Die Making 
Pattern has the outer finish, die on the other hand, has the inner finish. Shape and structure of die 

depends on the shape of the pattern. more finish the pattern has much better would be the die. 

Following steps were done to make die: 

o Gel coat with pigment is applied to give extra finish to the die. 

o Then fiber glass layers are applied to give strength to the die. 

One thing should be taken care of is that when die is dried it needs to be released from pattern, but 

it always sticks, for that purpose wax is applied before applying the gelcoat to release the die easily 

from the part. 

Figure 116: Pattern in making Figure 116: Pattern before sanding 
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3.6. Lithium-ion Batteries  

The most common type of battery used in electric cars is the lithium-ion battery. Lithium-

ion batteries have a high power-to-weight ratio, high energy efficiency and good high-

temperature performance. Lithium-ion batteries also have a low “self-discharge” rate, 

enabling them to maintain the ability to hold a full charge over time. Additionally, most 

lithium-ion battery parts are recyclable making these batteries a good choice for the 

environmentally conscious. 

Manufacturing of Battery: 

After detailed study of the battery, a Lithium-ion battery type is selected, considering the 

merits of the battery for our usage. The design of Li-ion battery is composed of Li-ion 

cells in an arrangement of 13 cells in series and 12 sets in parallel (13s 12p) arrangement 

resulting in 30 Ah Battery. Each cell provides a nominal voltage of 3.7V and forming a 

connection in this arrangement leads to 48V generated across the terminals of the battery. 

The specification of each individual cell is provided below: 
Table 22. Battery Specifications 

Battery Characteristics Value 

Size 18650 

Model INR18650-26F 

Style Flat Top 

Chemistry INR 

Nominal Capacity 2600mAh 

Continuous Discharge Rating 5.2A 

Pulse Discharge Rating 10A 

Nominal Voltage 3.7V 

Rechargeable Yes 

Approximate Dimensions 18.33mm x 64.85mm 

Approximate Weight 48 g 

Figure 118: Die in Making Figure 118: Gel coat applied 
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Display 

 
   

Nickel strips to spot-weld the battery and a container to keep cells in place. BMS system 

will be integrated into the battery to protect the battery and manage charging and 

discharging. 

3.6.1. Selection of Battery Management System 

The considerations for the design were to ensure safety of the battery and components, 

since Li-ion battery is highly flammable, so an efficient solution for the problem was to 

select the BMS with specifications below: 
Table 23. BMS Specifications 

BMS Characteristics  Specification 

Model Number SP15S020 

Applicable cell voltage 3.6V/3.7V 

Battery pack 13S 48V 

Interface mode Charge, discharge / same 

terminal 

Continuous current 30 A 

Heat sink material Aluminum metal plate 

Thermostat NTC thermistor 

Communication UART 

 

 

Display 

 

 

The selected BMS allows for temperature monitoring and fault detection, over-voltage 

detection, over-charge detection, cell balancing, and more safety features accompanied 

with the model. 

 
Figure 119. Placement and Wiring of Drive-train components   
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3.7. Electric Drive Train Motor Selection 

Equipment selection for the drive train of the Autonomous Vehicle, have rigorously 

researched on the possible design aspects of the prototype incorporating an Electric 

Vehicle, and have performed simulations for the circuits to test their performance with 

respect to our requirements. 

3.7.1. Selection of Motor 

The selection of Motor is the primary concern in the development of the electric vehicle, 

with considerations to adapt to optimum battery requirements and be able to generate 

enough torque for the operation of the vehicle. The selection of motor is finalized for a 

Brushless-DC Motor, rated 1000W. The road-load calculations below validate the 

selection of the components. 
Drag Force 

𝐹𝑑𝑟𝑎𝑔 =
1

2
𝑝(𝑣 + 𝑣𝑤)2𝐶𝑑𝐴 

𝐹𝑑𝑟𝑎𝑔 =  Air resistance [N] 

𝑝 = Air density [kg/m3] 

𝐴 = Car frontal area [m2] 

𝑣 =  Car speed [m/s] 

𝑣𝑤 =  Wind speed [m/s] 

𝐶𝑑 = the coefficient of aerodynamic resistance, 

 [N/ (kg m/s2), dimensionless] 

Rolling Resistance 

𝐹𝑟𝑟 = 𝐶𝑟𝑟𝑚𝑔 

𝐹𝑟𝑟 =  Rolling resistance [N] 

𝑚 = Mass of car [kg] 

𝐶𝑟𝑟 = The coefficient of rolling resistance, [dimensionless] 

Gradient Force 

𝐹𝑔𝑟𝑎𝑑 = 𝑚. 𝑔. 𝑠𝑖𝑛𝜃 

𝐹𝑔𝑟𝑎𝑑 =  Gradient resistance [N] 

𝑔 = Acceleration due to gravity 

𝜃 = Slope/ elevation 

  

𝑎𝑐𝑐 =
𝐹 − (𝐶𝑟𝑟 . 𝑚. 𝑔 +

1
2

. 𝜌(𝑣 + 𝑣𝑤)2𝐶𝑑𝐴 + 𝑚. 𝑔. sin(𝜃))

𝑚
 

 
Figure 120. Simulink Model for determination of Motor Power rating 
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Figure 121. Required Power Estimation 

  
Figure 122. Required Power curve for varying velocity and elevation 

3.7.2. Interpretation of Simulations: 

The required power is around 900 W which is suitable for slight elevation, there is some 

uncertainty that after manufacturing the mass of the car increases; so, we decided to choose 

a motor with 1000 W of power. We chose a Brushless DC motor because it has several 

advantages. Some of them are: 

• Electric motor can compensate for gear-shift torque disturbances from ICE 

to enhance driver comfort. 

• Provides lots of low-end torque. (Constant Speed Torque curve) 

• Enables higher level of vehicle control flexibility. 

3.7.3. Description of 1000 W BLDC Motor: 

After performing the above simulations, the team decided to purchase a 1000 W BLDC 

motor with chain drive. The specifications for the motor are provided below: 

Motor Characteristics Rated Value 

Model MY1020 High Speed BLDC 

Maximum Output Power 1000 W 

Rated Voltage 48 V DC 

Rated Speed 4000 r/min (max 5400r/min) 

Weight 3.5 kg – 4.0 kg 

Diameter 95 mm 

Applicable Controller 48V 1000W 

Brushless Controller 

Application Chain T8F Sprocket/Chain  

Maximum Current 20 A 
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Figure 123.  BLDC motor dimensions and display 

 

3.7.4. Steering Motor Selection 

The requirements of the Stepper motor are RPM: 120 ~ 140 r/min. and Torque: 6Nm. The 

response time of 0.6 sec is achieved against 100 rpm, which is under the threshold of 1.0 

sec. 

Use gear with low torque, high RPM stepper to achieve required specs. The motor selected 

for this scenario is NEMA 34, the torque curve is shown below: 

 
Figure 124. NEMA 34 Torque Frequency Graph 

3.7.5. Controller Selection 

An encoder coupled closed loop stepper motor is required to ensure steps with maximum 

accuracy. Encoder is required to keep track of manual steering operation. Closed loop 

controller eliminates backlash from steering mechanics till the motor holding torque of 8 

Nm. The controller has configurable steps up to 40,000. 

 

Rated Torque 4 N/m  

Sensor Hall effect Sensor 
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Table 24.Stepper Motor Specifications 

 

Stepper Motor Characteristics Value 

Type Closed Loop Stepper Motor 

Model NEMA 34 8.0Nm  

Step angle (degrees) 1.8 degree 

Current / Phase 6 A 

Holding Torque 8 Nm 

Shaft diameter 14 mm 

Motor body length 136 mm 

Nominal Voltage 60 V 

Phase Inductance  5.2 mH 

Phase Resistance  0.95  

Rotor Inertia 2800 g.cm2 

Type  Hybrid 

Encoder resolution 1000 

 

 

Display 

 
 

 In order to operate the Stepper Motor at 60 V, we require a High-Power Boost 

converter to step up the voltage and provide input voltage of 60V to the motor. The 

specifications are listed below: 
Table 25. Boost Converter Specifications 

Boost Converter Characteristics Value 

Model High Power Boost converter  

Power  1200W W 

Current 20 A DC 

Step up Voltage  60 V 

Input Voltage 48 V (battery) 

Output Current 20 A 

Weight 262 g 

 

 

Display 

 
 

 

3.7.6. Braking Motor Selection: 

 

The servo motor was selected in accordance with the mechanical simulations and 

calculations to determine the required torque for the servo motor. We selected a servo 

motor for the following specifications described below for braking.  
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Table 26. Servo motor Specifications 

Braking Motor 

Characteristics 

Value 

Type 40 KG Servo 

Power 25 W 

No load speed 0.18 sec/60° 

Peak stall torque 38 kg.cm 

Stall current 7.5/8.6 A  

Voltage 6.0 – 7.4 V  

Current Drain 20 mA 

Display 

  
 

3.7.7. Car Electrical Systems 
Table 27. Indicator Specifications 

Turn Indicator Value 

Type  LED indicator 

Power 2 – 3 W  

Rated Voltage 12 V 

 

 

Display 

 
 

 

Table 28. Fault Buzzer Specifications 

Fault Buzzer Value 

Type  Arduino Active Buzzer 

Interface I/O Interface of SCM 

Rated Voltage 5 V 

 

 

Display 

 

 

From above selections we need a 12V Bus to power our car electrical Systems. 
Table 29. Buck Converter Specifications 

Buck Converter Value 

Type  Step down module 

Power 200 W 

Rated Current 15 A  

Input Voltage  8-55V  

Output Voltage 1-36V 
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Operating Frequency  180 KHz 

Conversion Efficiency  94% 

 

 

Display 

 

 

3.7.8. Propulsion mechanism: 

The propulsion unit consists of an electric motor connected to two stage chain-sprocket 

driveline. The purpose of two stage chain-sprocket driveline is to minimize the 

transmission losses, for better energy savings. 

 

 
Figure 125. Propulsion Mechanism Physical Subsystem (CAD Model)  

3.7.9. Steering system: 

We are using a rack and pinion steering mechanism. For selecting the steering geometry 

parameters, we have done kinematic analysis. Our vehicle will primarily have two driving 

modes i.e. manual drive mode and autonomous drive mode. For steering control in manual 

drive mode, we will be using a simple rack and pinion mechanism (connected to the 

steering wheel via a steering column), in which the driver can turn the steering wheel 

manually. For steering control in autonomous driving mode, we will be using a stepper 

motor (for steering control) connected to the steering column (which is connected to rack 

and pinion mechanism) via helical gears so that we can have redundancy for steering 

control in case of any malfunction of the stepper motor (for steering control) Control 

systems. 

 

 
Figure 126. Steering Mechanism Physical Subsystem (CAD Model) 
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Figure 127. Steering Mechanism Physical Subsystem 

3.7.10. Braking system: 

For the braking mechanism, we are using hydraulic braking with a single master cylinder 

and foot-operated brake pedal connected to all 04 wheel's brake calipers (attached to brake 

discs) of the vehicle. For braking in manual drive mode, a pedal connected to the master 

cylinder with a mechanical linkage will be used (as generally used in student competition 

vehicles). For braking in autonomous mode, a wire or a mechanical linkage will be used 

whose one end is connected to the brake pedal and the other end is connected to a servo 

motor. In case of failure of servo motor, manual operation of braking via foot brake-pedal 

can be done. 

 

Figure 128. Steering Mechanism Physical Subsystem 

 

 

4. sensors 
 

4.1.2. Description of Camera 

We have identified, evaluated, and narrowed down all components required in perception, 

to be utilized for development of autonomous perception stack. We have selected the 

cameras appropriate for safe and efficient operation with consideration to eliminate all 

blind spots for the vehicle to be aware of its surroundings. An arrangement of six cameras 

will be used to model the prototype vehicle, which include Stereo cameras for depth 

perception, fish-eye cameras for wide field of view, and high-speed cameras for object 

detection, and semantic segmentation. The details for selected cameras are provided 

below: 

 

Table 30. Description of Cameras 

Camera Name Camera Placement Field of View Camera Model 

 

 

 

MYNT Eye S 

 

 

 

Front and Back 

Stereo Camera 

 

 

 

 

122 deg 
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Global Shutter 

Aptina AR0144 

Monochrome 

with FishEye lens 

by ELP 

 

 

 

 

Both Sides 

 

 

 

 

 

 

 

170 deg 

 

Global Shutter 

High Speed 

120fps CS Mount 

Varifocal 5-

50mm UVC Plug 

Play Driverless 

USB Camera 

with Mini Case 

 

 

Front 5-50mm Lens: CS 

Mount Varifocal 

High-FPS Camera 

 

 

 

80-100 

deg 

 

 

 

The Stereo Camera provides accurate depth sensing with a flexible range between 0.5 to 

18 meters. It has optimized performance in normal light conditions or low light 

conditions and precision with a wide field of view. The Fish-Eye lens camera covers the 

entire side view and also supports the other cameras, leaving very little blind spot. The 

full-scale arrangement of cameras and resulting field of view is shown: 

 
Figure 129. Arrangement of Cameras (Full-scale) 

 

 
Figure 130. Arrangement of Cameras (zoomed in) 
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Figure 131.  Benchmark Performance of MYNT Eye S camera (depth sensing) 

 

The stereo camera is coupled with a six axis IMU combined with frame synchronization 

which provide accuracy at less than one millisecond. Complete package with SDK is 

simple to integrate providing easy development and quick integration with the depth data 

created through the EYE S sensor. 

4.1.3. Description of Sensors 
 

Table 31. Description of Sensors 

Sensor Name Sensor Type Description Sensor Model 

 

 

VL53L0X Time-of-

Flight Distance 

Sensor 

 

 

Ranging Sensor 

 

 

Short range (5m), high 

precision ranging sensor 

 

 

 

 

U-blox NEO-

M8N 

 

 

 

GNSS (GPS, 

GLONASS, 

BeiDou, 

QZSS, SBAS 

and Galileo-

ready1 

 

 

The NEO-M8 series of 

standalone concurrent 

GNSS modules is built on 

the exceptional 

performance of the u-blox 

engine in the industry 

proven NEO form factor. 
 

UM7 Orientation 

Sensor  

Inertial 

Measurement 

Unit 

The UM7 orientation sensor is 

an Attitude and Heading 

Reference System 

(AHRS). UM7 features an 

onboard microcontroller 

that combines sensor data 

using a sophisticated 

Extended Kalman Filter  
 

 

4.1.4. Hardware Placement and Wiring (sensors) 

 

 
Figure 132. Placement of Arduino boxes and CAN-BUS wiring 
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Figure 133. Placement of Electric Equipment, Xavier, and Back Camera 

  

        

 
Figure 134. Placement of Cameras, and USB-hub extension 

   
Figure 135. Placement of Stereo Camera, and LCD Display 

 

4.1.5. Sensors Mount 

The mounts of different sensor used in vehicle along with cameras is 3D print to integrate with 

vehicle. The sensor Mount used is shown in the figures below 
 

Figure 136: Stereo Vision and Mono-camera Mount Figure 137: Steering Encoder Mount 

Figure 138: Steering Encoder Part 
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4.2.  Vehicle Control Unit 

The vehicle control unit is responsible for carrying out the decision making of the self-

driving vehicle. This unit consists of high-level planner and a low-level planner as shown 

in the figure. The high-level planner is responsible for determining the vehicle’s location 

and generate a trajectory towards the vehicle’s destination. The output of the high-level 

controller are instantaneous desired forward velocities and steering angles that the vehicle 

must pursue. These desired quantities are fed into the low-level controller which controls 

the vehicle actuation systems allowing the vehicle to reach the desired state. The section 

below further elaborates on the Low-Level and the HighLevel Controllers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.1. Jetson AGX Xavier Developer Kit 

Jetson AGX Xavier is ideal for deploying advanced AI and computer vision to the edge, 

enabling robotic platforms in the field with workstation-level performance and the ability 

to operate fully autonomously without relying on human intervention and cloud 

connectivity. Intelligent machines powered by Jetson AGX Xavier have the freedom to 

Vehicle Control 

Unit 

High-Level Controller 

Low-Level Controller 

• Localization and Sate Estimation of 

the Vehicle 

• Path and Behavior Planning 

• Vehicle Longitudinal Actuation 

System 

• Vehicle Lateral Actuation System 

Figure 139. Vehicle Control Unit 
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interact and navigate safely in their environments, unencumbered by complex terrain and 

dynamic obstacles, accomplishing real-world tasks with complete autonomy. Jetson AGX 

Xavier’s high-performance can handle visual odometry, sensor fusion, localization and 

mapping, obstacle detection, and path planning algorithms critical to next-generation 

robots. 

4.2.2. Low-Level Controller 

The Low-Level Controller consists of two further units as indicated in Figure: a control 

system for vehicle’s longitudinal motion and a control unit for the vehicle lateral motion. 

The diagram below describes these systems 

 

 
Figure 140. Block Diagram of Low-level controller 

 

Autonomous Algorithms 

Lane Detection 

Lane detection and tracking is one of integral aspects for the operation of a vehicle within a 

constrained space. The lanes are useful for the guidance of both humans and the autonomous 

vehicle to drive on the road. There are several approaches utilized for the detection on lane 

lines which are either based on computer vision approach or deep learning-based approach. 

The control system effectiveness is directly influenced by the efficiency of the lane tracking 

algorithm, along with the execution time.  

The computer vision-based approach is effective in constrained environment, with good lane 

visibility and predetermination of the illumination conditions to design appropriate 

thresholding parameters. This approach is fast in terms of execution time and relied primarily 

on vanishing point detection using canny edge detectors and Hough transforms, or 

perspective detectors which project the road in a birds-eye-view form and quadratic 

equations, or splines are fit to these lines on the image pixels to determine curvature of the 

road and a measure of offset from the center of the road. The Udacity lane detector [21] is 

categorized in this approach which is adopted and further tuned for detection of lane lines 

for the vehicle. 

A computer vision-based lane detection algorithm has been implemented for the guidance 

of the vehicle in lanes. The initial step is the camera calibration, which is achieved using a 

checkboard grid of size 6x9, which is printed on an A4 sheet and the camera matrices are 

determined. A calib file is created from these observations which is used to undistort any 

incoming camera images. The calibration process is performed using MATLAB camera 

calibration toolbox with multiple images of the checkboard takes as dataset. The calibration 
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results are shown below:  

 

Figure 141. Camera Calibration results, MATLAB 

The next step is the implementation and tuning of algorithm to meet our lane detection 

requirements. The algorithm performs a color transform to create a thresholded binary 

image. The HLS transform is used to extract the lane boundaries along with different levels 

of thresholding to extract yellow and while lane lines. A perspective transform is performed 

to rectify the binary in a “birds-eye view”. Lane pixels are detected, and a polynomial 

equation is fit to the lane boundaries. The curvature of the lane and vehicle position with 

respect to center is determined. The detected lane boundaries are warped back onto the 

original image. This enables us to visually display the lane boundaries along with numerical 

estimation of lane curvature and vehicle position.  

The calibration for the lane detection algorithm is preformed using straight lane lines, and a 

perspective transform is found:  

 

 Figure: Finding perspective transform  

We then compute a histogram of our binary thresholded images in the y direction, on the bottom 

half of the image, to identify the x positions where the pixel intensities are highest: 
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 Figure: Histogram of lane threshold  

The results for lane detection in our environment are shown below:

 

Figure 142. Lane Detection Process and Perspective transform 

 

 Figure: Results of lane detection 

Sign Detection: 

For the purpose of traffic sign detection, a Yolo based localization algorithm was used and 

a dark net based classification algorithm was implemented. The weights of the traffic sign 

classification were trained on Google Colab, with test data to validate the performance of 

the model. Turkish traffic signs dataset was used for train purposes. The simulation 

environment and the results of the classification are displayed below: 
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Figure 143. Output of Traffic Sign Detection Algorithm 

 
 

6.1 Implementation Software Stack 

The simulation and the hardware implementation are both performed on Ubuntu 18.04 and 

ROS melodic. The algorithms were developed on prototyping software in Linux, and the same 

platform was extended with a native version of Ubuntu 18.04 on Nvidia Jetson Xavier. The 

prototyping and design workflow of the autonomous algorithms are represented in the diagram 

below, indicating the ROS nodes were developed in accordance with MATLAB and Simulink, to 

estimate the parameters such as controller gains, the camera calibration matrices, and the planning 

constraints, embedded in the ROS nodes. 

 

Figure 144. Prototyping and Deployment Architecture 

6.2 Implementation of Visual Inertial Odometry 

Visual Inertial Odometry or VIO is implemented in the NUSTAG autonomous vehicle by 

using the VINS algorithm [32]. VINS is a real-time localization framework based on multi-sensor 

approach for accurate state estimation of vehicle for autonomous application. It is based upon 

sliding window formulation and provides visual-inertial (VI) based odometry with high accuracy. 
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Efficient IMU pre-integration, bias correction, and estimator initialization along with camera 

calibration, pose graph reuse and map merge makes VINS accurate and real-time. Moreover, it 

features loose coupling of GPS data with VI odometry output using Extended Kalman Filter to 

rectify the problem of accumulated drift over time. 

2.2.1 System Sensor Overview  
Sensors can be divided into two categories according to their frame of reference for 

measurements: 

Local Sensors 

These sensors are not globally referenced and hence an initialization for their reference 

is required for which generally first pose of robot is taken as origin. The estimation is than 

evolved from the set origin which causes the drift to accumulate over time. Camera, LiDAR, 

IMU etc. falls under this category. 

Global Sensor 

 These are globally referenced and have a fixed frame usually earth frame. As the 

reference is fixed and known, the measurements can provide robots states globally but they are 

noisy. Moreover, the error is independent of the distance robot has travelled. GPS, 

Magnetometer, barometer etc. fall under this category.  

 

Figure 145. Representation of Global and Local Sensors 

2.2.2 Local Pose Estimation 
The VI odometry estimates poses of several IMU frames and features depth within a 

sliding window. The states are defined as follows: 

X𝑙  =  [𝑥0, 𝑥1,· · ·  𝑥𝑛, λ0, λ1,· · ·  λ𝑚] 

 x𝑘  =  [p𝑏𝑘

𝑙  ,  v𝑏𝑘

𝑙 ,  q𝑏𝑘

𝑙  , 𝑏𝑎, 𝑏𝑔] , k ∈  [0, n], 

where the kth IMU state (x𝑘) consists of the position (𝑝𝑙  b𝑘), velocity (𝑣𝑙  b𝑘), 

orientation (𝑞𝑙 b𝑘) of IMU’s center with respect to local reference frame l. We use 

quaternion to represent orientation. The first IMU pose is set as reference frame. b𝑎 and b𝑔 

are accelerometer and gyroscope bias, respectively. Features are parameterized by their 

inverse depth λ when first observed in camera frame. The nonlinear least-squares are used 

to formulate the estimation problem. 
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2.2.3 Global Pose Graph Structure 
Every pose containing position and orientation in world frame acts as one node in 

the pose graph with lowest frequency sensor determining the density of the nodes. The edge 

between two consecutive nodes is local constraint and other edges being global constraint. 

The nature of pose graph optimization is a Maximum Likelihood Estimation based problem. 

MLE consists of joint probability distribution of robot poses over a time period. Under the 

assumption that all measurement probabilities are independent, the problem becomes, 

𝑋∗  =  𝑎𝑟𝑔𝑥 𝑚𝑎𝑥  ∏ ∏ 𝑝(𝑧𝑡
𝑘  |𝑋)

k∈S

𝑛

𝑡=0

 , 

 

Figure 146. Sensor data and State relation 

2.2.4 Pose Graph Optimization  
Once the graph is built, optimizing it equals to finding the configuration of nodes that 

match all edges as much as possible. Ceres Solver is used for solving this nonlinear problem, 

which utilizes Gaussian-Newton and Levenberg Marquadt approaches in an iterative way. 

Pose graph optimization at low frequency (1Hz) is run and after every optimization, 

transformation for local frame to global frame is obtained. Therefore, we can transform 

subsequent high-rate local poses (VIO, 200Hz) by this transformation to achieve real-time 

high-rate global poses. Since the pose graph is quite sparse, the computation complexity 

increases linearly with the number of poses. We can keep a huge window for pose graph 

optimization to get accurate and globally drift-free pose estimation. When the computation 

complexity exceeds real-time capability, we throw old poses and measurements, and keep 

the window in a limited size. 

2.2.5 Stereo Camera Calibration with IMU 
For efficient implementation of VIO, the camera calibration in an indispensable step 

to improve the accuracy of the results and ensure their convergence. Three steps are involved 

in the calibration process, static calibration of stereo camera, static calibration of IMU, and 

dynamic calibration of both IMU and stereo camera combined.  
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2.2.5.1 Static Camera Calibration  
 Kalibr tool [33] is used for the static calibration of camera. Initially an april-

grid checkboard is generated on an A4 sheet and printed and pasted on a hard surface 

such as cardboard. The grid is customizable based on the requirements and is displayed 

below: 

 
Figure 147. Custom April-grid generated for calibration of cameras 

A bag file is generated by subscribing to the left and right camera ROS topics, 

and the grid is moved in multiple directions while keeping the camera static. The results 

of calibration are shown below: 

  

Figure 148. Camera coordinate system and Displace 

  

Figure 149. Camera-0 and Camera-1 Polar error 
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  .  
Figure 150. Figure 151. Camera-0 and Camera-1 Reprojection error 

 

Figure 152. Outliers removed during camera calibration from both cameras 

The calibration of camera is done using ROS node for Kalibr. The node 

records dataset of the checkboard grid in both static and dynamic dataset bag files and 

the calibration process is run on the data. Effective calibration is achieved on 20 FPS 

set for camera and 200 Hz frequency of the IMU. 

2.2.5.2 Static IMU Calibration  
The static IMU calibration is performed using the tool Kalibr-allan which 

takes a bag file of IMU data for static IMU for a long duration. The bag file is converted 

to .mat file and then processed using MATLAB toolbox to estimate the white noise and 

random walk parameters of the IMU. The calibration results are shown below:  
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Figure 153. IMU Gyroscope Calibration  

Figure 154. IMU Accelerometer Calibration 

2.2.5.3 Dynamic Calibration 
After the static calibration is performed, the dynamic calibration is performed 

by collection of datasets in a bag file by subscribing to left camera, right camera, and 

the IMU. The checkboard is kept static and the camera and IMU are moved by exciting 

all the 6 degrees of freedom, one-by-one and then simultaneously. When the dataset is 

collected, it is passed to the calibration tool which takes approximately 8 hours to 

calibrate the data due to the large amount of computations and the large number of 

datasets collected during the process. The calibration tool performs an optimization 

process displayed below:  
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Figure 155. Optimization process during calibration 

The results of the calibration are written in .yaml files and the plots for the 

results are displayed below:  

  

Figure 156. camera and IMU coordinate system 

    

Figure 157. IMU Force and Angular velocities comparison 
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Figure 158. IMU Acceleration and Velocities error 

 

 
Figure 159. IMU Acceleration bias estimate with thresholds 

  
Figure 160. Camera 0 and Camera 1 Reprojection errors 

2.2.6 IMU Noise Disturbance  
Due to prevalence of noise in the IMU readings, several techniques were applied to 

mitigate the noise. The origin of the noise was mechanical vibrations from the road due to 

absence of shock absorbers, and the drive train mechanism generating high frequency noise 

while rotating the motor and chain to drive the vehicle. These factors could not be altered 

but accommodated using noise removal techniques, A low pass filter was designed with 

appropriate cutoff using MATLAB, and the output of the filter had significantly reduced 
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noise, but the real time implementation of such filter lead to reduction in the frequency of 

operation of the IMU. The approach sampled a few datapoints, and the filter was applied on 

those points, eventually creating a lag in the output of IMU data. The results of the filter are 

displayed below: 

 

Figure 161. Filtering of IMU data using Low Pass Filter 

These factors lead to the change in IMU sensor to the UM7 orientation sensor, which 

has a built-in Extended Kalman Filter, and good frequency of operation.   

2.2.7 VIO Implementation 
After successfully calibrating the cameras and IMU the VIO was implemented and 

the results were matched with the ground truths, yielding overall good accuracy of operation, 

and accurate pose estimation. The results of the VIO implementation have been shown 

below: 

 

Figure 162. Output of VIO visualized on RVIZ on straight road 
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Figure 163. Output of VIO visualized on RVIZ on U-turn 

 

 

6.3 Implementation of Path Planning 

2.3.1 Behavioral Planner 
The behavioral planner for our ego vehicle is based on a Finite State Machine. In our 

operational design domain, the stop sign and traffic lights are the regulatory elements. The 

behavioral planner consists of three finite states, a follow lane state, decelerate state, and 

stop state. During normal operation of the autonomous vehicle, the follow lane state is 

active, until our path planning algorithm encounters a stop sign or a traffic light. The finite 

state machine then switches the active state to decelerate and eventually stop at the 

destination planned, using sufficient time to safely maneuver and stop. Once stopped we 

gauge the status of the traffic light and as soon as it turns green, the vehicle starts to move, 

and a fixed duration of 30 seconds is configured at the stop signs. Once that is done, we then 

transition back to the follow lane state, and continue with nominal driving. This completes 

the state machine transition cycle and allows us to handle the presence of a stop sign along 

our path. 
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Figure 164. Finite State Machine model for Behavioral Planner 

2.3.2 Motion Planner 
The motion planner is the portion of the hierarchical planner that executes the 

maneuver requested by the behavior planner in a collision-free, efficient, and comfortable 

manner. This results in a trajectory, which is a sequence of points in space with a given 

velocity. The fundamental requirements for the path planning problem are given a starting 

position, heading, and curvature, calculate a path to an ending position heading and curvature 

that satisfies the kinematic constraints. In the context of an optimization, the starting and end 

values are formulated as the boundary conditions of the problem, and the kinematic motion 

of the vehicle are formulated as continuous time constraints on the optimization variables. 

In the field of autonomous driving, there are two common types of path parameterizations. 

The first are quintic splines which are fifth order polynomial functions of the x and y position 

of the car. The second type is the polynomial spiral, given by a polynomial curvature 

function with respect to arc length. 

2.3.2.1 Conformal Lattice Planner 
The conformal lattice planner produces paths that closely resemble human 

driving, utilizing the structured nature of roads, to speed up the planning process while 

avoiding obstacles. The conformal lattice planner chooses a central goal state as well 

as a sequence of alternate goal states, that are formed by laterally offsetting from the 

central goal state, with respect to the heading of the road. The paths are generated based 

on their kinematically feasible nature to each of our goal states. 

Based on the current situation possible transitions to future states are activated 

or deactivated. Trajectories for all possible future states are then generated with default 

values which get further perturbed to add potentially more cost-efficient variations. 

Eventually these trajectories are evaluated for feasibility. Non-feasible trajectories are 

marked with a very high cost, such that only feasible trajectories are compared against 

each other with the "cheapest" trajectory becoming the output of the path planner. All 
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trajectories are weighted according to preferences reflected in the weights. A history of 

previously planned car states is kept in the trajectory object within the planner for 

consecutive planning steps. The output is shown below: 

   

Figure 165. Generation of trajectories by Lattice Planner in Simulation Environment 

For simplicity of design, the Path Planner architecture of University of Toronto 

is implemented, and the flowchart below details the sequence of path planning 

instructions and design procedures. 
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Figure 166. Path Planning Flow chart 

 

Figure 167. Output of Traffic Sign Detection Algorithm 

 

 

7. Original Components 

7.1 Hardware Design 
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7.1.1 Component Overview 

This design uses the CSD19536KTT featuring a very low on resistance of 2 mΩ in D2PAK 

package with an optimized gate charge and switching performance. The three-phase gate 

driver DRV8350S is used to control the three-phase MOSFET bridge, which can operate 

from 9 to 100 V and support programmable gate current with maximum setting of 2-A 

sink / 1-A source. The DRV8350S can communicate with microcontroller to set 

parameters through SPI communication. The INA180A3 integrated current sense amplifier 

is used to sense the low side DC bus current of each phase, at a gain of 100V/V with very 

low gain error. The TMP235 temperature sensor is used to sense the FET temperature. The 

ESP32-Wroom-32D microcontroller is used to implement the control algorithm. The 

design has DC bus voltage sensing circuit, current sensing circuit and hall effect sensing 

circuit which provides a general solution for implementing trapezoidal, sinusoidal or FOC 

algorithms. The design specifications are as follows: 
Input Voltage 54-V typical (63-V maximum) 

Rated Output Power 1.5 kW 

RMS winding Current 27A (20kHz) 

Peak Winding Current 400A 

Switching Frequency 5-100 kHz tunable 

Operating Ambient Temperature -20C to 55C 

Feedback Signals DC bus voltage, Phase currents, Hall Sensor 

Cooling Natural Cooling 

Control Method Trapezoidal, Sinusoidal, FOC 

 

7.2 Design Theory & Implementation 

7.2.1 Power Stage Design – Three Phase Inverter: 

The three-phase inverter is implemented using six MOSFETs CSD19536KTT as shown in 

Figure below. The MOSFET is rated for a maximum drain to source voltage of 100V and 

a peak current of 400A. RC snubber across all the FETs and Decoupling capacitors are 

used to block ringing and noise due to parasitic inductance. 

 
Snubber Capacitor is selected taking into to account the maximum frequency (100kHz) 

that we can achieve, limited by gate capacitance of MOSFET and gate driver’s current 

capability shown in calculations in coming sections.  

𝐶𝑠 =
1

𝑉𝑑𝑟𝑎𝑖𝑛
2 𝑓𝑠

 

𝐶𝑠 =
1

(54.6)2 × (100 × 103)
 

𝐶𝑠 ≈ 3.9𝑛𝐹 

Capacitance is two times the output capacitance of the MOSFET. For snubber resistance 
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calculation we must consider the maximum current. A rough estimate can be calculated 

using ohm’s law: 

𝑅𝑠 =
𝑉𝑑𝑟𝑎𝑖𝑛

𝐼𝑚𝑎𝑥
 

𝑅𝑠 =  
54.6

30
 

𝑅𝑠 = 1.82 Ω 

This rough estimate than can be verified experimentally and tune to get maximum 

damping, considering the PCB stray inductance and capacitances. Resistance was tuned 

and we got the following value: 
𝑅𝑠 = 1.5 Ω 

Decoupling capacitance can be calculated using capacitor voltage current equation in case 

of lower frequency operation with higher capacitance and reduced ESR (equivalent series 

resistance) as opposed to higher frequency operation, where reducing ESL (equivalent 

series inductance) achieves better decoupling. Effects of ESR at lower frequency region 

can be demonstrated as: 

 ∆𝑉 =  
𝐼 ∆𝑡

𝐶
+ 𝐼. (𝐸𝑆𝑅) 

 To reduce the effect of ESR, multiple MLCC capacitors are used in parallel with 

Electrolytic capacitors. Approximating ESR to zero yields decoupling capacitance 

equation as follows: 

𝐶 =  
𝐼. ∆𝑡 

∆𝑉
 

 ∆𝑡 is the slowest rise time, approximating with median switching frequency for 0.5V 

allowable ripple voltage, gives us: 

𝐶 =  
30 

0.5 × 2 × 45 × 103
 

 

𝐶 ≥ 666.66 𝑢𝐹 

Three 270uF electrolytic capacitors are used in parallel to achieve capacitance exceeding 

the limit calculated above. Moreover, MLCC capacitors are used in parallel with 

electrolytic capacitors and close to half bridges for high frequency filtering as they provide 

low impedance path. 

 
 

A TVS (Transient Voltage Suppressor) diode is used to protect circuit from high voltage 

surges from ESD etc. 

7.2.2 Gate Current for PWM Frequency Calculation: 

The average current from the high side pump charge pump (VCP) and the low side gate 

drive regulator power supply (VGLS) can be calculated using Eequations below, 

applicable for 120-degree conduction trapezoidal control and Sinusoidal Control given in 
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the datasheet of DRV8353S: 

For Trapezoidal Control:  𝐼𝑉𝐶𝑃/𝑉𝐺𝐿 >  𝑄𝑔 × 𝑓𝑃𝑊𝑀 

For Sinusoidal Control:   𝐼𝑉𝐶𝑃/𝑉𝐺𝐿 >  3𝑄𝑔 × 𝑓𝑃𝑊𝑀 

 Calculating the maximum frequency for both cases under the limit of 20mA gate 

current provided in DRV8353S datasheet. 

For Trapezoidal Control   
25 × 10−3 >  (118 × 10−9) × 𝑓𝑃𝑊𝑀 

𝑓𝑃𝑊𝑀 < 211.8 𝑘𝐻𝑧 

Taking 100kHz as the maximum frequency considering the microcontroller limits. 

For Sinusoidal Control   
25 × 10−3 >  3(118 × 10−9) × 𝑓𝑃𝑊𝑀 

𝑓𝑃𝑊𝑀 < 70.6 𝑘𝐻𝑧 

7.2.3 Gate driver current (sink/source) calculation 

 From the datasheet of CSD19536KTT,  
  𝑡𝑟𝑖𝑠𝑒 = 8 𝑛𝑠  ;  𝑡𝑂𝑁(𝑑𝑒𝑙𝑎𝑦) = 13 𝑛𝑠 

  𝑡𝑓𝑎𝑙𝑙 = 6 𝑛𝑠  ;  𝑡𝑂𝑁(𝑑𝑒𝑙𝑎𝑦) = 32 𝑛𝑠 

So, taking total rise and fall time as follows: 
𝑡𝑟 = 21 𝑛𝑠  ; 𝑡𝑓 = 38 𝑛𝑠   

High side gate drive current can be calculated as follows: 

𝐼𝐷𝑅𝐼𝑉𝐸_𝑃 =
𝑄𝑔𝑑

𝑡𝑟
 

340 × 10−3  =
17 × 10−9

𝑡𝑟
 

𝑡𝑟 ≥  50𝑛𝑠  
Rise of 50ns or greater is achievable considering the gate current limit of 340mA, which 

is above the safe limit of 21ns as calculated above. Similar calculations hold for low side 

gate drive current too. 

7.2.4 Selecting the current limit threshold using VDS 

 DRV8353S provides built-in overcurrent protection which can be set using the 

equation below: 

𝑉𝐷𝑆_𝑂𝐶𝑃 > 𝐼𝑚𝑎𝑥 × 𝑅𝐷𝑆_𝑂𝑁(max) 

𝑉𝐷𝑆_𝑂𝐶𝑃 can be set using SPI communication from the microcontroller and driver monitors 

the 𝐼𝑚𝑎𝑥 × 𝑅𝐷𝑆_𝑂𝑁(max) product and switches of the bridge once it exceeds the set limit. 

 From the datasheet of the MOSFET, the following graph depicts the relation 

between 𝑅𝐷𝑆_𝑂𝑁 and Temperature. 
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If we use the case of room temperature value that is 2.2mΩ and set current limit to 40A 

𝑉𝐷𝑆_𝑂𝐶𝑃 > 40 × 2.2 × 10−3 

𝑉𝐷𝑆_𝑂𝐶𝑃 > 0.088 

In case the MOSFET gets hot and is operating at around 100C with resistance of 3.2 mΩ. 

The over current protection will trigger at around: 

0.088 > 𝐼 × 3.2 × 10−3 

𝐼 < 27.5𝐴 

Which is a false trigger as our maximum operating current is 30A. Moreover, it is very 

likely that the MOSFET is being driven in the hot region. Similarly, if we consider the 

resistance at high temperature the opposite will happen, and over current protection will 

trigger at current greater than set value at lower temperature conditions. So, from these 

observations, it is clear that: 

• MOSFET normally operates at higher temperature region at around 75C considering the 

high current application. 

• Graph at around 75C can be approximated with linear eq. 

Hence taking the mean case of 75C, with resistance of 2.86 mΩ. 
𝑉𝐷𝑆_𝑂𝐶𝑃 > 40 × 2.86 × 10−3 

𝑉𝐷𝑆_𝑂𝐶𝑃 > 0.1144 

At, lower temperature cutoff will happen at slightly greater current but it’s unlikely that 

temperature will remain low while under load. Moreover, only at very high temperature of 

more than 120C, cutoff will happen at current lesser than 30A maximum, which is a 

desirable condition. 

7.2.5 DRV8350R Gate Driver  

Figure below shows the schematic of the DRV8350R gate driver circuit. The are the 

recommended capacitors at the charge pump pins, DVDD and VGLS pins etc. by the 

datasheet. 
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7.2.6 Phase Current Sense Calculation: 

The power dissipation, amplifier gain and the input offset error voltage of the op amps are 

important in selecting the sense resistance values. The sense resistors are designed to carry 

a total nominal RMS current of 30 A. A lower gain of the amplifier asks for high sense 

resistance value causing increased power loss in the resistors. 

The power loss can be calculated easily if the resistance value is known, considering the 

resistance of 2.5mΩ. 
𝑃𝑙𝑜𝑠𝑠 =  𝐼2 × 𝑅 

𝑃𝑙𝑜𝑠𝑠 =  (30)2 × 2.5 × 10−3 

𝑃𝑙𝑜𝑠𝑠 =   2.25𝑊 

Using the already available 5watt current sense resistance, which is well above the required 

power calculation and can allow more current to be sensed. The maximum current that can 

be sensed is: 

𝐼 =  √
𝑃

𝑅
 

𝐼 =  44.7 𝐴 

DRV8352S has built in current sense amplifier, which allows gain to be set as 10V/V, 

20V/V and 100V/V with unipolar as well as bipolar current sensing. The following 

equations can be used to calculate the current from output voltage of op-amp. 

For unipolar current sensing: 
𝑉𝑂𝑈𝑇 = 𝐼𝑆𝐸𝑁𝑆𝐸 × 𝑅𝑆𝐸𝑁𝑆𝐸 × 𝐴𝐺𝐴𝐼𝑁 

For unipolar current sensing: 

𝑉𝑂𝑈𝑇 = 𝐼𝑆𝐸𝑁𝑆𝐸 × 𝑅𝑆𝐸𝑁𝑆𝐸 × 𝐴𝐺𝐴𝐼𝑁 + 
𝑉𝑟𝑒𝑓

2
 

 

 𝑅𝑆𝐸𝑁𝑆𝐸 = 2.5𝑚Ω ; 𝐴𝐺𝐴𝐼𝑁 can be set through SPI and 𝑉𝑟𝑒𝑓 = 3.3𝑉 

7.2.7 DC-DC Buck Converter: 

 Table below shows the buck converter requirements: 
Type Fixed Frequency PWM Control 

Output Voltage 12V (adjustable) 

Input Voltage  54.6V (typical) 

Maximum Output Current 450mA 

Output Voltage ripple  

Switching Frequency 150kHz 
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100uH Inductor was selected as recommended by the datasheet of the buck converter IC 

being used i.e., XL7015. 
 

For the maximum switch current: 

 As the value of inductance is recommended by the datasheet, we can calculate the 

maximum switch current and current ripples using it. The first step to calculate the switch 

current is to determine the duty cycle, D, for the maximum input voltage. The maximum 

input voltage is used because this leads to the maximum switch current. 

𝐷 =  
𝑉𝑂𝑈𝑇

𝑉𝑖𝑛(𝑚𝑎𝑥 )  ×  𝜂
 

𝐷 =  
12

54.6 ×  0.85
 

𝐷 = 0.258565 

 The efficiency is added to the duty cycle calculation to compensate for energy 

dissipated by the IC. This calculation gives a more realistic duty cycle than just the formula 

without the efficiency factor, that was taken from the datasheet i.e., 85%. 

 The next step in calculating the maximum switch current is to determine the 

inductor ripple current for the given inductor. 

Δ𝐼𝐿 =  
(𝑉𝐼𝑁(𝑚𝑎𝑥) −  𝑉𝑂𝑈𝑇) × 𝐷

𝑓𝑆 × 𝐿
 

Δ𝐼𝐿 =  
(54.6 −  12) × 0.258565

150 × 103 × 100 × 10−6
 

Δ𝐼𝐿 =  0.7343𝐴 

 As the calculated ripple current is above the maximum output current (0.45A) of 

the application, the maximum switch current in the system is calculated, as follows: 
  

𝐼𝑆𝑊(𝑚𝑎𝑥) =  
Δ𝐼𝐿

2
+ 𝐼𝑂𝑈𝑇(𝑚𝑎𝑥) 

𝐼𝑆𝑊(𝑚𝑎𝑥) =  
0.7343

2
+  0.45 

𝐼𝑆𝑊(𝑚𝑎𝑥) = 0.81715 

As, this value is below the maximum limit of switching current specified by the datasheet, 

we can use the Inductor of 100uH rated for 1A. 

Rectifier Diode Selection 

To reduce losses, we are using Schottky diodes. The forward current rating needed is equal 

to the maximum output current: 
𝐼𝐹 =  𝐼𝑂𝑈𝑇(𝑚𝑎𝑥) × (1 − 𝐷) 

  
𝐼𝐹 =  0.45 × (1 − 0.258565) 

𝐼𝐹 = 0.3336𝐴 

 Power rating of the diode can be calculated by considering the maximum power it 

has to handle: 
𝑃𝐷 =  𝐼𝐹 × 𝑉𝐹 

𝑃𝐷 =  0.3336 × 0.7 

𝑃𝐷 = 0.233𝑊 

 Thus, from requirements, SS210 Schottky diode was selected. 

For input capacitor, the IC was placed as close as possible to the DC power rail capacitor 

bank. This eliminated the need of separate input capacitor. 

For output voltage selection, resistor network was selected based on the relation provided 

by the datasheet: 

𝑉𝑂𝑈𝑇 = 1.25 × (1 +  
𝑅2

𝑅1
) 

Here, R2 = R16 ; R1 = R18. 
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7.2.8 Microcontroller Design – ESP32: 

 

 ESP32-Wroom 32D module is selected as the microcontroller for implementing 

control algorithms. The schematic below is developed by taking into consideration the 

reference design provided by the manufacturer. 

 
 The circuit below is used to program the microcontroller and debug the circuit 

through UART. 
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7.2.9 Hall Sensor Interface: 

 Figure below shows the Hall sensor interface from the motor to the board. The 

VDD3V3 is used as the power supply for the Hall sensor. The Hall sensors have an open 

collector configuration. R27, R28, and R29 are used as the pull-up resistors. R24, R25, 

and R26, along with C18, C23, and C33, form noise filters at the Hall sensor signal. 
  

 

7.2.10 Temperature Sensing 

 Figure below shows the schematic of temperature sensor circuit. The temperature 

sensor is placed close to the MOSFET. The design uses the analog output temperature 

sensor TMP235, supporting wide temperature measurement range: – –40°C to +150°C 

with a typical accuracy of ±1°C. 
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7.2.11 LDO Circuit for 3.3V Supply: 

 Figure below shows the regulator circuit to generate the 3.3V from the 12V input. 

We are using AMS117 to generate the 3.3-V power supply from the input voltage of 12 

V. The selection of regulator depends on the wide input voltage support (in this design up 

to 15V), the load current, and power dissipation. Power dissipation (𝑃𝑑𝑖𝑠𝑠 ) is equal to the 

product of the output current and the voltage drop across the output pass element. 

Assuming a nominal load current of 30 mA, the power dissipation at 𝑉𝐼𝑁 =  12𝑉 can be 

calculated as: 
 𝑃𝑑𝑖𝑠𝑠  =  (12 –  3.3)  ×  0.03 =  0.261 𝑊 

The design uses the thermal pad of the TPS709 package to dissipate heat to the PCB. To 

prevent the inverse current flow into USB, when it is connected to the board for 

programming, two low voltage drop diodes are used. This allows the microcontroller to be 

powered by either VCCUSB or 12V, whichever is greater or connected. 

 

7.2.12 Main Input Voltage Sensing Circuit: 

 The input supply voltage 𝑉𝐷𝑅𝐴𝐼𝑁  is scaled using the resistive divider network, 

which consists of R12, R13, R14, and C36, and fed to the MCU as shown in Figure below. 

The resistance values are selected high enough to reduce the current consumption. 

Considering the maximum voltage for the MCU ADC input as 3.3 V, the maximum DC 

input voltage measurable by the MCU is calculated as below: 

𝑉𝐷𝐶(𝑚𝑎𝑥) = 𝑉𝐴𝐷𝐶_𝑅𝑒𝑓 ×
(𝑅14 + 𝑅12 + 𝑅13)

𝑅14
 

𝑉𝐷𝐶(𝑚𝑎𝑥) = 3.3 ×
(180𝑘Ω + 4000𝑘Ω)

180𝑘Ω
 

𝑉𝐷𝐶(𝑚𝑎𝑥) = 76.63𝑉 

 

Considering a 10% headroom for this value, the maximum recommended voltage input to 

the system is 76.63 ×  0.9 =  69𝑉. For a power stage with maximum operating voltage 

of 60 V, this voltage feedback resistor divider is ideal. Also, this choice gives optimal 

ADC resolution for a system operating from 15 to 60 V, calculated as follows: 

Δ𝑉𝐴𝐷𝐶 =  
𝑉𝑟𝑒𝑓

2𝑁
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Δ𝑉𝐴𝐷𝐶 =
3.3

212
 

Δ𝑉𝐴𝐷𝐶 = 0.8057 𝑚𝑉 

Where N is the number of bits of ADC and ESP32 has 8-bit, 10-bit and 12-bit ADC 

channels. So, we can get maximum resolution with 12. 

 

7.2.13 PCB: 

 Schematic and PCB was designed using EasyEDA online platform and services of 

JLCPCB were used for manufacturing it. The figure below shows the 2-layer PCB design 

as well as the 3D rendered image of it. 

 
Routing 

 
3D rendered 

 

   

   

 

 
 

5. Security precautions 

 

8.1 Electric Safety Measures  

To ensure the safety of the passenger, adequate measures have been taken, to prevent fire 
hazards.  
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7.1.1 Battery Management System:  
Lithium-Ion cells although being most energy dense pose extreme fire hazard. They can catch on 
fire for over discharging as well as charging. To ensure that these conditions do not occur, a 
battery management system is attached to the battery which ensure the current and voltage of 
the battery within limits. It also monitors the temperature of battery container.  

  

7.1.2 Fuse:  
Every electrical connection is done through an adequate fuse. Separate fuses are used for 
electrical and electronic component.  
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7.1.3 Master Switch:  
A master switch is attached on the body, which can be accessed from outside. It can be used to 
switch of the battery from all electrical connections in case any fire hazard occurs.  
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8.2 Security Precautions:  
To prevent the unwanted access of the system following precautions are necessary.  

8.2.1 Single Time Programmable Microcontroller:  
After debugging is complete, programming e-fuse of the microcontroller is blown off to prevent 
re programming.  

8.2.2 Linux Security Measures:  
Linux system is secured through a password and Linux system can be compiled to contain only 
required drivers and software with graphical user interface to prevent tapping into the system.  

  
 

 
 

8. Security precautions 

 

8.3 Electric Safety Measures  

To ensure the safety of the passenger, adequate measures have been taken, to prevent fire 
hazards.  

8.1.1 Battery Management System:  
Lithium-Ion cells although being most energy dense pose extreme fire hazard. They can catch on 
fire for over discharging as well as charging. To ensure that these conditions do not occur, a 
battery management system is attached to the battery which ensure the current and voltage of 
the battery within limits. It also monitors the temperature of battery container.  
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8.1.2 Fuse:  
Every electrical connection is done through an adequate fuse. Separate fuses are used for 
electrical and electronic component.  

  
 

8.1.3 Master Switch:  
A master switch is attached on the body, which can be accessed from outside. It can be used to 
switch of the battery from all electrical connections in case any fire hazard occurs.  
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6. Simulation and Testing 
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1. Battery case 

 

1.1 Heat Generation 

 Air Properties  

Temperature of air at inlet = 25 0C 

Density = 1.184 kg/m3 

Pr = 0.7296  

Cp = 1007 J/kg. K 

K = 0.02551  

Dynamic viscosity(neu) = 0.00001849 

 

Cell Geometry 

Diameter of cell = 0.0184 m 

Height = 0.065 m 

Horizontal shortest distance between consecutive cells = 0.0204 m 

Imax = 5.2 Amps 

R = 0.3 ohms 

By using equation no. 5, heat flux is given as 

Q0 = 632.736 Watt. 

1.2 Fan speed/Air velocity  

Mass flow rate = 0.020944588 kg/s 

Volume flow rate = 0.017689686 m3/s 

Ac (area available for air flow) = 0.0026112 m2  

Fan speed/air velocity = 6.774542629 ms-1  

1.3 External Forced Convection 

Properties from Table A-15 of HMT 

Assumed mean temperature = 30 0C 

Density = 1.164 kg/m3 

K = 0.02588 W/m. K 

Cp = 1007 J/kg. K 

Dynamic viscosity (mu) = 0.00001872 kg/m. s 

Pr = 0.7282 

Ts = 63.2 0C 

Prs = 0.72332  

Temperature of air at Inlet = 25 0C 

Density = 1.184 kg/m3  

Geometry Information    

D = 0.0184 m 

SL=ST = 0.0204 m 

Vair = 6.8 m/s 
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Length = 0.065 m   

Diameter of cell = 0.0184 m 

Height of cell = 0.065 m 

Imax = 5.2 Amps 

R = 0.3 ohm 

From equation no. 08, the maximum velocity can be calculated as 

Vmax = 69.36 m/s 

The Reynold’s number is given as 

ReD =  79354.95385 (Turbulent flow)   

The average Nusselt Number can be calculated by using Table 01 

NuD = 294.6020093  

The number of rows of inline arrangement is less than thirteen, so   

Correction factor (for NL=13) = 0.99 

NuD (for NL<16) = 291.6559892 

Therefore, convection coefficient can be calculated as (from eq. 10),  

h = 410.2204892 W/m. K  

NL = 13 rows 

NT = 6 columns 

N = 78  

As (heat transfer surface area) = 0.293064252 m2 

Mass flow rate = 0.064055347 kg/s 

Fluid Exit temperature = 57.27575164 0C   

SL/D = 1.108695652 

The friction factor can be found from figure 07  

F = 0.3   

Pressure drop = 10919.57563 Pa. 

The power required for fan can be calculated as 

Power = 590.7577772 W 

 

 

 

 

 

 

Meshing  

The mesh of cell geometry is created by applying meshing sizing with hard behaviour and solver selected 

is Fluent.  
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Figure 168: Mesh of Single Cell 

 

 

 

 

 

 

 

 

Solution is calculated for thermal runway conditions only; remaining equations are turned off to 

save computational power. Residuals scale obtained of calculation is shown in figure 30. 

 
Figure 169: Residuals for thermal runway 
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2. Results and Discussion 

Lithium-ion batteries are widely used in electronic appliances owing to their high efficiency, superior 

power capability, light-weight and low self-discharge rate. But the benefit of these properties is under 

critical management of temperature of battery. The result obtained from the CFD (MSMD) is described 

in this section. 

 

2.1 Single Cell Analysis Results  

Single cell is performed to obtain temperature change in cell and other parameters without cooling 

system. These parameters are used for calculations and analysis of cooling system.  

 

 

 

 

Temperature Distribution: 

 
Figure 170: Temperature Distribution of Single Cell 

Inner Wall Temperature: 
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Figure 171: Wall Temperature of Single Cell 

Heat Flux: 

 
Figure 172: Heat Flux of Single Cell 

Density of Lithium-Ion Cell: 
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Figure 173: Density of Single Cell 

2.2 Thermal Runway Analysis 

Lithium-ion battery thermal runaway occurs when a cell, or area within the cell, achieves very high 

temperatures due to thermal failure, mechanical damage, any type of short circuiting, and electrochemical 

abuse. The result obtained for thermal runway model of MSMD is given as  

Temperature of cell: 

 
Figure 174: Thermal Runway Temperature 

Heat Flux: 
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Figure 175: Thermal Runway Heat Flux 

2.3 Battery Pack Analysis Results 

 

Geometry of battery along with fluid domain is created in SolidWorks 2020 and then imported to 

ANSYS Workbench for analysis. Note: Due to limitation of Computation Power we limited our analysis 

to a smaller version of the same battery pack, and the analysis was used to generate useful results for the 

complete battery analysis. 

Meshing  

Physical preference of mesh is set to CFD and the size of element is set to 1 mm. Target 

skewness is set to 0.2 to obtain high quality mesh. Average skewness obtained is 0.23 which ensure good 

quality mesh. The number of elements and nodes are 6896900 and 2506883 respectively. 

 
Figure 176: Battery Mesh 

Analysis of battery pack along cooling system is performed in ANSYS fluent by setting parameters 

as discussed in above section. Result obtained are discussed as below 

Residual/convergence plot of the iteration obtained after calculation is given in figure 50. The 

convergence criteria are shown in figure 49. 
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Figure 177: Convergence Plot 

 

Pressure Drop of Air: 

 
Figure 178: Pressure Drop in fluid 

Pressure Distribution in XZ Plane: 
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Figure 179: Pressure Distribution in XZ Plane 

Temperature of Battery Pack: 

 
Figure 180: Temperature Distribution in Battery Pack 

Density of Cells: 
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Figure 181: Density of Lithium-ion Cell 

Turbulence Kinetic Energy: 

 
Figure 182: Turbulence Kinetic Energy 

Velocity of Air: 
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Figure 183: Velocity of flow 

 

Velocity Vectors: 

 
Figure 184: Velocity Vectors 

Velocity in the Direction of flow (XZ Plane): 
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Figure 185: Velocity in the Direction of flow (XZ Plane) 

 

 

The systems modelled in the project use numerous parameters. The vehicle parameters were 

pre-defined, however, many of the motor parameters needed to be found. Many of these 

parameters were found through calculations and some were estimated using the literature. The 

parameters of the different systems have been elaborated in this chapter. 

4.1 Vehicle Parameters for Longitudinal and Lateral Dynamics 

Table below shows the list of vehicle parameters the vehicle longitudinal and lateral 

dynamics model. The vehicle which is modelled is shown in the figures below. 

            

Figure 186. CAD model and the constructed NUSTAG vehicle 

 

Table 32. Vehicle Parameters 

Parameter Name Symbol Value 

Mass of vehicle (vehicle and passenger) m 170 kg 

Gravitational acceleration  g 9.81 m/s2 
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Inclination Angle of road  0 degrees 

Mass density of air  1.225 kg/m2 

Length of vehicle L 1.75 m 

Radius of wheel rw 0.3045 m  

Effective tire radius reff 0.300 m 

Frontal area Af 1.4886 m2 

Aerodynamic drag co-efficient Cd 0.32 

Rolling Resistance coefficient f 0.008 

Height of center of gravity (c.g.) h 0.25 m 

Height of aerodynamic point haero 0.27 m 

Length of C.G. to front axle  lf 0.91 m 

Length of C.G. to rear axle  lr 0.84 m 

Wheel Inertia Iw 0.26 kgm2  

Moment of Inertia of the Vehicle in (Iz) Iz 18.6 kgm2 

Velocity of the wind Vwind 0 m/s 

Cornering stiffness at front tires Caf 3893.45 N/rad 

Cornering stiffness at rear tires Car 4217.91 N/rad 

Vehicle Speed   Vx  16 m/s 

Coefficient of pitching moment.  Cpn 0.1 

Coefficient of lift.  Cl 0.4 

  

Simulations for the control design have been performed for an inclination angle,   = 0 

degrees, however, the control design is applicable to inclination angles other than zero. Similarly, 

simulations performed have been done for the wind speed, Vwind = 0 m/s, however, the control 

design is applicable for any value of wind speed. 

The high-level lateral controller uses the maximum operating velocity of the vehicle for its 

design. It is 16 m/s. 

𝐶𝑎𝑓 and 𝐶𝑎𝑟 in were computed as 𝐶𝑎𝑓  =  3893.45 𝑁/𝑟𝑎𝑑 and 𝐶𝑎𝑟 =  4217.91 𝑁/𝑟𝑎𝑑 as 

per SMAC1. 

4.2 Motors’ Parameters 

Three motors are used as actuators in the vehicle:  

• BLDC motor for propulsion of the vehicle  

• Servo motor to actuate the brake pedal 

 
1https://www.mchenrysoftware.com/medit32/readme/msmac/default.htm?turl=examplestirecornerin
gstiffnesscalculation1.htm 

https://www.mchenrysoftware.com/medit32/readme/msmac/default.htm?turl=examplestirecorneringstiffnesscalculation1.htm
https://www.mchenrysoftware.com/medit32/readme/msmac/default.htm?turl=examplestirecorneringstiffnesscalculation1.htm
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• Stepper motor to perform the steering rotations of the steering column.  

To model the motors, following parameters are to be determined for each of the motor: 

• 𝑅𝑎, motor resistance in Ω, 

• 𝐿𝑎, phase winding inductance in H, 

• 𝐾𝑒, electric motor constant in Vs/rad, 

• 𝐾𝑇, motor torque coefficient in Nm/A, 

• 𝐵, coefficient of viscous friction, also expressed as 𝐷𝑚 

• I, rotor moment of inertia in kg𝑚2 

3.2.1 BLDC Driveline Motor 
The BLDC used for the development of the NUSTAG vehicle had many unidentified 

parameters due to unavailability of its datasheet. Rigorous testing must be done to accurately 

identify its parameters. For the purpose of the control design, some of the unidentified 

parameters have been assumed and others estimated through already-available parameters.  

3.2.1.1 Identification of Parameters2 

3.2.1.1.1 Motor Voltage Constant (Ke)  
𝜔𝑛𝑜 𝑙𝑜𝑎𝑑 - no-load speed (rpm) 

𝜔𝑛𝑜 𝑙𝑜𝑎𝑑 = 5400 rpm = 565.49 rad/s 

Rated Voltage = 48 V 

𝐾𝑒 =
Rated Voltage

𝜔𝑛𝑜 𝑙𝑜𝑎𝑑
=

48

565.49
= 0.0849 

𝐾𝑒 ≥
𝑇𝑚𝑎𝑥

2𝐼𝑚𝑎𝑥
=

5

2 ∗ 30
= 0.0833 

𝐾𝑒 = 0.0849 𝑉/(𝑟𝑎𝑑/𝑠) 

3.2.1.1.2 Motor Voltage Constant (KT)  
The same relationship holds for BLDC motor: the value of the torque 

constant, Kt equals the value of Ke. 

𝐾𝑡 = 0.0849 𝑁𝑚/𝐴 

3.2.1.1.3 Viscous Damping Coefficient (B): 

𝐵 =
𝐾𝑡𝐾𝑒

𝑹𝒎
=

0.0849 ∗ 0.0849

0.045
= 0.160  

3.2.1.1.4 Moment of Inertia3 
A good match to our BLDC motor parameters is found. Invalid source 

specified. It is noticed that the voltage, current, stall torque, and RPM are similar 

for the NUSTAG BLDC motor. It is therefore fair to assume that the motor’s rotor 

inertia would similar. Therefore, the rotor inertia is selected as: 

 
2 "https://www.precisionmicrodrives.com/content/reading-the-motor-constants-from-typical-performance-characteristics/," [Online].  

 
3 "https://www.moog.com/content/dam/moog/literature/MCG/brushtorquemo.pdf," [Online]. 
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𝐽𝑚  =  0.000121 

3.2.2 Stepper Steering Motor  

3.2.2.1 Parameter Identification  

3.2.2.1.1 Motor Constants, 𝑲𝑻 and 𝑲𝒆 
Kt can be evaluated using a theoretical formula, using rated values from the 

datasheet. The relation is described below for the calculation: 

𝐾𝑇  =
𝑇

𝐼
=

8.0

6
= 1.333 𝑁𝑚/𝐴 

T = 8.0 Nm, holding torque 

I = 6 A, current input 

The torque (𝑇𝑞) applied to the motor shaft is proportional to both the phase 

current and the sine of the load angle. The 𝑘𝑡  parameter is the motor torque constant 

which is equal to the 𝑘𝑒constant, however expressed in Nm/A instead of V/Hz. 𝑘𝑒 

is theoretically estimated using the relation 𝑘𝑡 = 𝑘𝑒, since the numerical values of 

both constants will be similar. Therefore, 

𝐾𝑒 = 1.333 Vs/rad 

3.2.2.1.2 Inertia, 𝑱𝑻 
Stepper motors have a natural frequency of operation. When the excitation 

frequency matches this resonance frequency, the following effects are experienced: 

Motor damping frequency can be calculated from the formula: 

𝑓 =
100

2𝜋
√

2𝑝𝑀ℎ

𝐽𝑟
 

𝑓 =
100

2𝜋
√

2(4)(8.0)

2800/(100 ∗ 100 ∗ 1000)
 

𝑓 = 7609 𝐻𝑧 

𝑀ℎ = 8.0, holding torque (Nm) 

𝑝 = 4  number of pole pairs 

𝐽𝑟 = 0.0028 𝑘𝑔𝑚2, rotor inertia 

3.2.2.1.3 Armature Resistance, 𝑹𝒂 

 

Figure 187. Circuit diagram of stepper motor internal and control components. 

https://en.wikipedia.org/wiki/Natural_frequency
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The stepper motor has four coils, making it a 4-phase motor, with the 

number of poles on the stator being eight (2 x 4) which are spaced at 45-degree 

intervals. The armature resistance is 4 times resistance per phase. 

Phase Resistance =  0.95 𝛺 

𝑅𝑎  =  3.8 𝛺 

3.2.3  Servo Braking Motor 

3.2.3.1 Parameter Identification 
The relationships as followed are observed and are used in calculating the 

servo parameters using the given specifications4. 

The voltage and torque equation of a servo motor are given by5: 

 𝑉 =  𝑖𝑎𝑅𝑎  + 𝐾𝑒𝑉𝑚 3.1  

 𝑇 =  𝑖𝑎𝐾𝑇  =  𝐽𝑚𝛼    3.2  

   

3.2.3.1.1 Torque constant, Kt 
The torque constant is defined as the ratio of motor torque per current, 

where current can e motor phase (Ø) current (line-to-neutral) or RMS Ø current 

(line-to-neutral). 

 
𝐾𝑇 =

𝑇

𝑖𝑎
 

3 3 

 𝐾𝑇 =
3.8Nm

0.020A
= 190.0 (Nm/A) 

where, 

𝑇 = 38.0 kg. cm =  3.8 Nm, 

𝑖𝑎 = 20 mA  

3.2.3.1.2 Voltage (EMF) constant, Ke 
The voltage constant also described as EMF constant is defined as the 

maximum line-to-line voltage developed per some velocity unit. The relationship 

that defines the motor voltage constant is:  

 𝐾𝑒 =  𝐾𝑇 3.4  

𝐾𝑒 = 190 (Vs/rad ) 

3.2.3.1.3 Voltage (BEMF) constant: Kb 
The voltage constant also described as EMF constant is defined as the line-

to-line RMS voltage developed per some velocity unit. 

 𝐾𝑏  =
𝐾𝑒

√2
=

190

√2
= 134.3 (Vs/rad )  

 
4 H. Gill, " Servomotor Parameters and their Proper Conversions for Servo Drive Utilization and Comparison," Kollmorgen. 
5 G. W. Younkin, "Electric Servomotor Equations and Time Constants," [Online]. Available: controltecnologycorp.com. 
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3.2.3.1.4 Resistance, Ra 
Line to line phase resistance in (W) is given as: 

𝑅𝑎  =
𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐶𝑢𝑟𝑟𝑒𝑛𝑡
=

7.0 𝑉

20 𝑚𝐴
= 350 Ω 

3.2.3.1.5 Inductance, La 
Line to line phase inductance in (H) is given as: 

 
𝑉 =  𝑖𝑎𝑅𝑎  + 𝐿𝑎

𝑑 𝑖𝑎

𝑑𝑡
 +  𝐾𝑒 . 𝑉𝑚  

  

3.5  

 𝑉 =  𝑅𝑎𝑖𝑎  +  𝐿𝑎. 𝑖𝑎. 𝑠 +  𝐾𝑒 . 𝑉𝑚   

3.6 

 
𝐿𝑎 =

𝑉 − 𝑅𝑎𝑖𝑎  −  𝐾𝑒𝑉𝑚

𝑠
=

𝑉 −  𝑅𝑎𝑖𝑎  −  𝐾𝑒𝑉𝑚

𝑗𝑤
 

 

3.7  

V = 7.0V 

𝑅𝑎 = 350 Ω 

𝑖𝑎 = 20 mA, 

𝐾𝑒 = 190 (V/rad/sec ) 

𝑉𝑚 =
 60deg

0.32sec
= 187.5 °/𝐬 

Relation: 1 rad/s = 57.3 °/s 

𝑉𝑚 =
187.5

57.3
= 3.27 rad/s, 

𝑗𝑤 = 𝑗 ∗ 2𝜋𝑓 = 𝑗 ∗ 2𝜋 ∗ 50 

𝐿𝑎 =
7.0 −  350 ∗ 0.02 −  190 ∗ 3.27

𝑗 ∗ 2𝜋 ∗ 50
 

𝐿𝑎 = 1.97 H 

3.2.3.1.6 Motor rotor inertia, 𝑱𝒎 
 𝑇 =  𝐾𝑇 . 𝑖𝑎 =  𝐽𝑚𝛼 =  𝐽𝑚𝑉𝑚. 𝑆           3.8 

 
𝑖𝑎 =

𝐽𝑚𝑉𝑚𝑠

𝐾𝑇
                                  

3.9 

Combining equations gives: 

 
𝑉 −  𝐾𝑒𝑉𝑚  =  (

𝐿𝑎

𝑅𝑎
𝑠 + 1 ) 𝑅𝑎

𝐽𝑚𝑉𝑚𝑠

𝐾𝑇
 

3.10  

Rearranging results in:  

 
𝐽𝑚 =

(𝑉 –  𝐾𝑒𝑉𝑚)𝐾𝑇

 (
𝐿𝑎
𝑅𝑎  𝑆 + 1 ) 𝑅𝑎 ∗ 𝑉𝑚𝑆

 
3.11  

 
𝑡𝑚 =

𝑅𝑎𝐽𝑚

𝐾𝑒𝐾𝑇 
 

3.12 

The load inertia is small and is assumed to be 0. 
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3.2.3.1.7 Damping Coefficient, B 

𝑡𝑚 =
𝑅𝑎𝐽𝑚

𝐾𝑒𝐾𝑇 
 

=
38.0 ∗ 0.001727

190 ∗ 190 
= 1.81 µ𝑠 

𝑡𝑚 =
𝐿𝑎

𝑅𝑎
=

1.97

350
= 5.629 𝑚𝑠 

𝐵 = 0.5 𝑡𝑚𝜔𝑚  =  0.5𝑡𝑚√
1

𝑡𝑒𝑡𝑚
  =  0.5√

𝑡𝑚

𝑡𝑒
 

𝐵 =  0.5 ∗ 5.629𝑚√
1

6.942
= 0.01068  

 

 

4.3 Longitudinal Vehicle Model 

The longitudinal model of the vehicle is made by first constructing the full body diagram of 

the vehicle on a road. This is shown in Fig. 27.   

 

Figure 188. Free-body diagram of the vehicle on an inclined road 

Using Newton’s second law, equations of motion of the system is derived. This equation 

(1) has several components each of which need to be further modelled.  

 𝑚�̈� = 𝐹𝑥𝑓 +  𝐹𝑥𝑟 +  𝐹𝑎𝑒𝑟𝑜 +  𝑅𝑥𝑓 +  𝑅𝑥𝑟 − 𝑚𝑔𝑠𝑖𝑛() (13) 

where, 

𝐹𝑥𝑓 ,  𝐹𝑥𝑟 are the longitudinal tire forces 

𝑅𝑥𝑓 ,  𝑅𝑥𝑟 are the rolling resistances 

𝐹𝑎𝑒𝑟𝑜is the aerodynamic force. 

𝑚𝑔𝑠𝑖𝑛() is the component of the vehicle weight?  

 
𝐹𝑑_𝑥  =  

1

2
𝜌𝐶𝑑𝐴𝑓(𝑉𝑥 + 𝑉𝑤𝑖𝑛𝑑)2 

(14) 
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The Aerodynamic forces are modelled using the following equations6 

𝐹𝑥𝑓 +  𝐹𝑥𝑟 +  𝐹𝑎𝑒𝑟𝑜 +  𝑅𝑥𝑓 +  𝑅𝑥𝑟 are the tire forces and are modelled using the Pacejka’s Magic 

Tire Model Formula Invalid source specified.7. The Magic Formula evaluates the driving force, 

Fx taking the transmitted torque from the motor to vehicle wheel and normal forces on the wheels 

as input. The torque dynamics are defined as follows: 

 
𝑇𝑤 =  

1

𝑅
 𝑇𝑚 

(15) 

 𝜔𝑤 =  𝑅 𝜔𝑚 (16) 

A BLDC motor has been used to drive the vehicle. The function of a BLDC motor is defined 

by the following equations which are used to relate the motors velocity to its output torque Invalid 

source specified.8. Load torque is also considered. 

 
𝑈𝐴𝐵 = 𝑈𝐷 = 2𝑅𝑖 + 2(𝐿 − 𝑀)

𝑑𝑖

𝑑𝑡
+ +2𝑒𝐴 

(17) 

 
𝑈𝐷 = 𝑟𝑎𝑖 + 𝐿𝑎

𝑑𝑖

𝑑𝑡
+ 𝐾𝑒 𝜔   

(18)  

 𝑇𝑒 = 𝐾𝑇𝑖  (19) 

 𝑇𝑒 − 𝑇𝐿 = 𝐽�̇� + 𝐵𝜔          (20) 

Tl and Te with respect to the motor speed is derived as: 

 
𝑇𝐿 =

𝐽 (𝐿𝑎�̈�  +  𝑟𝑎�̇�)  +  𝐵 (𝐿𝑎�̇�  +  𝑟𝑎𝜔)  +  𝐾𝑒𝐾𝑇𝜔

𝑟𝑎
 

(21)  

 

𝑇𝑒 = 𝐾𝑇  [
𝑈𝐷  − 𝐾𝑒𝜔 −  𝐿𝑎 [

𝐽�̈� + 𝐵�̇�
𝐾𝑇

]

𝑟𝑎
] 

(22) 

The designed model is implemented on MATLAB to perform PID tuning. This is shown 

below: 

 

Figure 189. Simulink Block diagram for controls architecture 

 

 
6 T. D. Gillespie, “Fundamentals of Vehicle Dynamics,” Society of Automotive Engineers, pp. 97-104, 1992.  

7 H. Packeja, “Tyre and Vehicle Dynamics Automotive Engineering,” Butterworth-Heinemann, 2006.  

8 Q. Huang, J. Li and Y. Chen, “Control of Electric Vehicle,” University of Electronic Science Technology, P.R. China.  
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4.1.1 PID Control Design 
PID controllers are powerful low-level controllers. A PID control was set up to 

control the vehicle velocity by controlling the motor torque through change in voltage. 

To design the control system the following criterion was put in place. 

• Use of reasonable gain values. 

• Settling time to be less than 3s. 

• 0 steady state error. 

• Phase Margin of more than 60 degree for close loop stability. 

MATLAB’s inbuilt PID block allows for auto-tuning. This block was used and tuned 

to achieve an acceptable response. An integral controller with Ki = 31.0 is observes which 

achieves the given control criteria. 

4.1.2 Controller Algorithm Simulations 
Following sections show the implementation of the controller algorithms through 

simulations on the vehicle body in AirSim environment. 

4.1.2.1 PID Controller Design and Simulation on Airsim 
The design phase of the controller (including both lateral and longitudinal 

controller) was explored using testing and simulations. The simulations were 

performed in Microsoft Airsim on Unreal Engine, with Ubuntu as the operating system. 

The simulation employed Robot-Operating System (ROS) environment, which was 

initially configured using an Airsim ROS-wrapper, allowing full access to the real-time 

feed from sensors. In this Airsim environment, the model of the vehicle was pre-

selected. The plant function of this particular vehicle was determined, and the 

respective longitudinal and lateral controllers developed. The controllers were then 

tested and improved by simulating them in the Airsim ROS environment. The 

implementation of ROS environment lead to efficient control and monitoring, while 

also allowing easier handling of sensor and odometry data. The simulation environment 

is shown below. 
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Figure 190. Airsim Simulation Environment 

4.1.2.2 Vehicle Model Description 
The parameters of the vehicle modelled for the controller design. These 

parameters were not similar to the actual vehicle due unavailability of some system 

parameters at the time. However, the modelling technique used for the system shall 

remain the same and modelling a different vehicle proves as a good practice for 

modelling the actual vehicle. The parameters for of the vehicle modelled are shown 

below. 

• Vehicle mass = 170 kg 

• Frontal Area = 1.45 m2 

4.1.2.3 Estimation of Transfer Function: 
The Plant Transfer function of the Longitudinal Control is initially determined. 

The analysis is done by giving a step input to the vehicle to track a constant speed, 

which is monitored without any compensator in place. MATLAB is used for the 

analysis of data to find the input output relationship defining the transfer function. The 

Plot in green below shows the data recorded from ROS environment for the current 

vehicle speed and the desired vehicle speed. The desired speed of 6 m/s is used as a 

benchmark for this analysis. The data is stored in a CSV file and then imported to 

MATLAB as a table. For the analysis the PID auto-tuner is used with first step being 

the identification of plant transfer function. A corresponding best match is plotted 

which is initially determined by the analyzer, and then manual editing is performed to 

achieve the best fit for the initial characteristics. The values of damping ratio and 

natural frequency are also identified in this process.  
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Figure 191. Identification of Plant Transfer Function 

4.1.2.4 Determination of PID gains for the Longitudinal Controller. 
After the plant transfer function is determined, the PID Auto-tuning app is used 

for the estimation of PID gains. PID gains which allow good settling time, remove 

overshoot, and allow better steady state response are selected. The initial estimation 

lead to the stabilization of the function, and then the best setline time was found. The 

parameters selected after tuning are given below: 

𝑘𝑝 =  0.09535 

𝑘𝑖 =  0.045757 

𝑘𝑑 =  0.04968 

The closed loop output response and the corresponding root locus plot is shown below:    

 
Figure 192. PID Tuning of Plant Transfer function 

   
Figure 193. Root Locus system tuning 

4.1.2.5 Longitudinal Controller Design Verification 
With the implementation of longitudinal controller in ROS Airsim 
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environment, the speed tracking is monitored. A reference trajectory is defined for the 

system and the response of the compensated system is observed. The results for the 

response of vehicle to input step response are plotted below highlighting good 

controller performance. Both the stability and the steady state characteristics of the 

system are improved with addition of PID controller in the design. 

 
Figure 194. Longitudinal controller simulation response 

Other parameters associated with the longitudinal controller are also tested in the 

simulation. The throttle of the vehicle is the output from the longitudinal system model. 

The relationship between the throttle and the speed tracking is highlighted. The plot 

below shows these characteristics showing high initial throttle to engage the car in 

motion, and then the value exponentially decays as the desired speed is approached. A 

steady state value of 0.55 is maintained to compensate for frictional forces on the car 

and tires, such that the desired speed is unchanged. 

 
Figure 195. Relationship between vehicle speed and throttle 

5.2 Vehicle Lateral Controller Design 

For controlling the steering of the vehicle, Stanley controller is implemented. The Stanley 

controller outputs the steering angle the vehicle needs to make to track its desired path. It does so 

by observing the vehicle’s current steering angle and heading.  
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4.1.3 Stanley Controller 
Stanley controller is a geometric path tracking controller with different evolution of 

its steering commands for small and large errors. For controlling the steer-by-wire 

mechanism of the actual vehicle, Stanley controller is implemented, due to the ease of 

implementation, better path tracking performance on low speeds, and overall good efficiency 

in computational time making it a robust implementation for our design. The Stanley 

controller outputs the steering angle the vehicle needs to 

make to track its desired path. It does so by observing 

the vehicle’s current steering angle and heading. The 

relevant parameter description used in the Stanley 

controller along with mathematical relations are shown 

below: 

Cross track error = 𝑒 =
𝑎𝑥𝑐 + 𝑏𝑦𝑐 + 𝑐

√𝑎2 + 𝑏2
 

Cross track steering = tan−1 (
𝑘𝑒

𝑣
) 

Heading error = 𝜓 = tan−1 (
−𝑎

𝑏
) − 𝜃𝑐 

Total steering input = 𝛿 = 𝜓 + tan−1 (
𝑘𝑒

𝑣
) 

 

Figure 197. Lateral Bicycle Model 

4.1.3.1 Working of Stanley Controller 
The Stanley controller monitors the heading difference and the cross-track 

error. The cross-track error is measured relative to the front axle, and the reference 

point on the desired path, which is ahead of the previous waypoint, shown above as the 

next waypoint. For large positive cross track error, the steering command clamps to the 

maximum and the vehicle turns towards the path, increasing heading in opposite 

direction. The heading error is the error due to difference in the heading of the vehicle 

and the path. In order to eliminate heading error relative to the path, the steering angle 

is matched to the heading angle, causing the vehicle to turn to correct the misalignment 

Figure 196. Model of Stanley 

Controller 
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with the path. For large errors the maximum steering command is maintained until 

alignment falls back within the available balance. Considering higher speeds, the car 

travels further before reaching the path, but the final convergence time for small cross 

track errors is constant.  

Stanley Controller comes with a global stability proof, which converges despite 

the initial conditions, and the controller will guide the car back to its path. The 

controller is susceptible to noisy measurements, actuator dynamics or tire force effects, 

which can cause undesirable ride characteristics. For this purpose, the softening 

constants are included to mitigate the effect of high and low speed dynamics. These 

perimeters were also tuned depending on efficient response time, and good tracking by 

the controller. The gains for the Stanley controller are experimentally found. 𝑘𝑒 = 0.5, 

𝑘𝑣 = 10  

4.1.3.2 Simulation and Results  
The implementation of the Stanley controller evaluates the cross-track error 

of the vehicle to the desired path as well as the difference in headings and outputs the 

desired steering angles. The graph below displays this relationship between the errors 

and the dynamic relation to the vehicle in terms of settling time and steady state error. 

In order to evaluate the control performance, the convergence to the desired path for 

particular yaw error and cross track error is considered. If we analyze the Stanley on 

error handling, convergence time, and the rate of convergence, Stanley implementation 

is considered to be an efficient design practice. The graphs for error variation with time 

for Stanley controller are shown below, with test data received from the simulation 

environment. 

 
Figure 198. Relationship between yaw and cross-track error for left turn 

The graphs represent that with the experience of a left turn, the error is 

introduced in the system, and the system tracks the path in order to minimize the error 

to zero. The plots both converge to the center of the path and the results indicate that 

the yaw error is initially minimized with a settling time of 20 seconds, and then the 

balance is shifted to minimize the cross-track error which is minimized in order to reach 
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back to the center of the path. The graph below represents a similar relationship for 

traversing a right turn:  

 
Figure 199.  Relationship between yaw and cross track error for right turn 

The convergence for Stanley controller achieves a much better performance. The 

reference trajectory is perfectly traced by the vehicle in the actual simulation and the 

real-time logged data on the right shows the good performance of the Lateral controller, 

with efficient controller design and minimum deviation from the reference path.  

 
Figure 200. Plot of Input trajectory (left), trajectory followed by vehicle in simulation (right) 

Stanley controller has some design limitations indicating the dynamic relations 

of the vehicle are not incorporated, but our design scheme emphasizes on real-time 

performance on Arduino. This goal is achieved with efficient use of resources, 

indicating control performance and feedback is dependent on the good processing 

frequency and tracking in real-time. The benefit achieved with the implementation of 

Stanley controller outweigh the dynamic limitations, leading to an efficient lateral 

control design.  

The flowchart below describes the controls architecture which is implemented 

in the NUSTAG self-driving car. The kinematic and dynamic modelling returns the 

models for the vehicle, which are tuned using the PID tuner, providing the gains 

required for PID control implementation. The Lateral Controls is implemented in a 

similar manner by first modelling the system and then finding gains appropriate for the 
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operation of the vehicle.   

 

Figure 201. Control Systems Architecture 
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