Autos vs Airplanes
· Airplane is rigid – More complex
· Car is multibody

· Sprung mass: body and engine

· Unsprung mass: tires and suspension

· Car has more degrees of freedom

· Aircraft has thermo specifics, thermo doesn’t affect car

· Car has non linear tires producing forces and moments

· Aircraft has non linear wings producing Forces and moments

· Aircraft are carefully designed; Car: anything with 4 wheels works

· Cars look to aircraft modeling and are omnipresent

Axis systems

· Car has multiple axis systems

· More convenient – everything in 3d
· Physical properties – especially moments of inertia
· SAE

· Sets standards

· Master standard manual “j670e”

· X-axis positive forward  (right hand rule), Y-axis positive right

· Z-axis positive down 

· Defined axis systems

· Body fixed
· Sprung CG is origin

· Apply/Sum moments, forces, etc.

· Sometimes absorbs unsprung masses becoming total car system

· Vehicle motions and attitude (orientation w.r.t. ground)
· Earth fixed

· Origin anywhere

· Tracks vehicle motion in space

· Aerodynamic
· Origin is mid-wheelbase, mid-track on the ground

· Good for windtunnels

· Wheel center

· Torques and rotational (dof) like this system

· Tire axis system (ground contact point)

· Origin on ground, beneath wheel, center

· Z-axis is normal to ground

· Tire forces and moments happen in this system

Transformation Matrices – direction of vector changes but not length
· Square matricies, Determinent =1, Row(dot)column =0, 
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 These 4 properties-orthonormal or unitary matricies

· 
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· For transform in Yaw (z-axis): 
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· Pitch is about Y-axis, Roll is about X-axis. Must always do YAW, PITCH, ROLL
· Requires a common origin

· Like HW#1: 
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· Ψ=Angle of B relative to A

Tires – complex and perform many functions

· Envelop road irregularities

· Noise, Vibration, Harshness suppression (NVH) – (act as damper)
· Part of suspension (non-linear spring)

· Produce forces and moments to maneuver the vehicle

· Have layers of construction

· Modeling is very difficult (FEA almost impossible) – Need a ton of data
· bulk outputs are non-linear and multi-variable

Tire outputs
· Lateral force – y-direction – cornering

· Longitudinal force – x direction – acceleration and braking

· Aligning torque – moment about z-axis (tires tend to straighten themselves out)

· Overturning moment – about x-axis – lateral offset or normal load

Tire inputs
· Normal load – z-direction – weight on tire

· Slip angle α – difference between tire heading and velocity vector in ground plane

· Inclination angle γ – front view tilt (camber) – think of motorcycles
· Slip ratio σ or SR – rotational speed vs ground speed

· Friction coefficient μ – road/tire interface

To measure tire curves, need testing machine

Tire generates lateral force 2 ways: Elastic deformation or Friction

Tread button cycle

· TB contacts ground – undisplaced

· TB contacts ground and sticks
· Wheel (rim) displaces forward and laterally due to slip angle 
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TB sees lateral displacement (elastic deformation)

· TB stays stuck to ground till local 
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(fric coef * Normal load) equals force of elastic deformation (hookes law)
· TB slides laterally toward unstretched position with force 
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· TB reaches unstretched position and lifts off the ground
· 
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; 1st half is elastic def (sticking), 2nd is sliding friction

Lateral force curves:

Cornering stiffness:
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; at the peak friction coefficient 
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Tire load sensitivity: increasing FZ decreases μ, peaks happen at smaller α and FZ

Cornering stiffness increases w/load (FZ) to a point, then decreases (reverses)
Induced drag (produced from slip angle) – rearward component of lateral force

Aligning torque – Mz – (produced from slip angle) Mz=Fyt




When centroid passes Fy axis, system becomes unstable

Quaternions - 4 DOF (overconstrianed), no gimbal lock, smoother transitions, easy to calculate however the bad is that it is not physically based (not easily understandable)
Euler – 3 DOF, understandable

Tire testing and modeling

· Need F & M for engineering calculations

· FEA not feasible (would still need data to produce)

· Need gross input/output relationship

· Give slip angle, normal load, inclination angle, slip ratio, & surface friction 

· Get Fx, Fy, Mx, Mz, and stiffness
Types of tire models:

· Linear model

· No load sensitivity

· Simplest

· Used with linear vehicle models

· One extension can be to add load sensitivity (many loads, extra curves)

· Tabular

· Multi-dimensional lookup table

· Interpolate to get desired value

· Quality depends on interpolation routine

· Tables are huge and difficult to populate, therefore sparse data exists

· Pacjeka model

· Based on “magic formula”

· Does excellent job fitting individual tire curves

· Industry standard (defacto)

· Inefficient – many coefficients

· Not physically based (just a curve fit)

· Non-dimensional tire model

· Physically based, uses measured tire  properties
· Compresses tire data into load dependant curves through transformations

· Transformations are: 
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 α in rad (pi/180) unitless
· Before model can be applied, corrections must be applied for bias errors, drift, errors in target value

· Many curves become one

· Non-dimensional tire model limitations

· Transforms don’t exist for all cases i.e. Fy=f(α,γ,sr) (incomplete)
· One reason Pacjeka models are used
· Not physically based

· Less powerful, but this means you need to understand less

Limitations of tire testing:

· Many variables (Fz,γ,α,μ,SR,P,etc.) some are difficult/impossible to control

· Cost, availability, number of tires

· No way to do small scale testing (ratio testing)

Longitudinal force – Fx 

· Behaves similar to lateral force

· Can identify μx (friction coefficient)

· Initial slope (near zero SR) is called “tractive stiffness”
· 
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: V=wheel center velocity, Re=effective radius, 
· ω & ω0 are rotational velocities (rpm, rad/sec, etc.)

· If SR=-1, tire is locked, between -1 and 0 is braking, 0 is free rolling, >0 driving

Combined Fx and Fy create a “friction ellipse”

C-G diagram – vehicle acceleration

Passenger car boundaries are about .8g

· Due to lack of power, diagram is often clipped by a power limit

· As velocity increases, ability to accelerate decreases

· Power limit creeps down as velocity increases

Tire sidewall information: type, tread width (mm), aspect ratio (%), speed rating, radial, wheel dia (in)
Sidewall height = tread width* aspect ratio

1) Coordinate System B has its origin located at the point 
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 in Coordinate System A.

Coordinate System B is yawed +30° relative to Coordinate System A. The point P has coordinates 
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as measured in Coordinate System B. Determine the coordinates of P in Coordinate System A. The Euler Angle Transformation Matrix is:
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For our specific question, the Yaw angle (ψ) is 30°                 
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Since 
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 We therefore have: 
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To complete: 
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2) Coordinate System B has its origin located at the point 
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 in Coordinate System A.

Coordinate System B is rolled +30° relative to Coordinate System A. The point P has coordinates 
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as measured in Coord Sys A. Determine the coordinates of P in Coordinate System B.

Since
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We therefore have: 
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Bicycle model & steady state cornering

· All models are abstractions of reality

· Assumptions and simplifications will simplify things

· Real world is too complex

· Simple models are easier to solve and understand (SM’s solve faster)

· Complex models give more information and details

· You must be aware of what level your model is at to match your task or goals

Bicycle model

· Simplest model to provide handling information

· One step above point mass

· Has front/rear tires only, no left/right

· No roll in model (will not tip over)

· No suspension, compliance, aerodynamics, load transfer, pitch, or roll

· Speed is usually constant

· Simple linear load-insensitive tires

l=a+b, δ=steer angle, V=velocity vector, β=vehicle sideslip angle β==arctan(v/u)
Oversteer and understeer overused terms in VD

· Dominated VD discussions from 1930 thru 1960 so still prevalent

· Understeer: front tire works less well than rear, constant radius corner at increasing speed requires additional steering. Passanger cars are like this (stable)

· Oversteer: rear tire works less well than front, constant radius at increasing speed requires less steering. Not for passenger cars as it is unstable.

Low speed cornering: as V → 0, then Ay → 0, Fy → 0, and αF & αR→0
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