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HVE — SIMON Engineering Dynamics Company

SIMON — Simulation Model Non-Linear

Engineering Dynamics Company, LLC SIMON (SIMulation mOdel Non-linear), Version 2

Updated Markdown edition, converted from the Fifth Edition printed manual (January 2006) and brought up to date with the current version of HVE, covering the
SIMON physics engine, the DyMESH collision model and the HVE user-interface dialogs. Passages that differ from the printed edition because the software has
changed are marked with italic

(updated: ...)
notes. Figures from the printed manual are referenced by placeholder.

How to Use This Manual

This manual is the user's manual for the SIMON simulation model. The manual describes the model features and use. Input parameters and output reports are
described at a high level. This manual is intended to be used in conjunction with the HVE User's Manual. The HVE User's Manual provides in-depth coverage of the
human, vehicle and environment models, as well as the HVE Event Editor and Playback Editor. For specific model definitions, the user is referred to the HVE User's
Manual.

If You Have Questions

Engineering Dynamics Company, LLC provides technical assistance for supported users. The questions may relate to general usage or to specific engineering
applications. When you call, you should have the following information available:

¢ Your User ID number

¢ Your System Hardware Profile report (available from EDC)

« HVE Version Information (available from the HVE Help System)

« SIMON Version Information (available from the SIMON Program Data report)

Contents

=

Chapter 1 — SIMON Program Description Overview; General Features and Capabilities; Model Inputs; Model Outputs; Validation; Basic Procedure

N

Chapter 2 — SIMON Program Input Objects Overview; Humans; Vehicles (Sprung Mass, Unsprung Mass, Exterior, Steering/Brake/Drivetrain Data);

Environment; Event (Set-up, Position/Velocity, Driver Controls, Vehicle Mesh, Payload, Wheels, Accelerometers); Event Calculation Options (incl. Hydroplaning
Model, Connection Model, Solid Axle Inertia, Accident History Basis, Include Free Space); DyMESH Options; Simulation Controls; Executing an Event

3. Chapter 3 — SIMON Program Output Overview; Alpha-Numeric Reports (Accident History, Damage Data, Driver Data, Environment Data, Event Data,
Human Data, Messages, Program Data, Vehicle Data); Graphic Reports; Variable Output Table; Trajectory Simulations; Damage Profiles

4. Chapter 4 — Calculation Method Basis for Analysis; Equations of Motion (Sprung Mass, Unsprung Mass, Wheel Spin); Steering System; Payloads; Human
Occupants; Driver Controls; Wheel Torque; Wheel Position; Wheel Orientation; Tire Contact Patch Velocity; Tire-Road Contact Patch; Tire Radial Deflection and
Force; Tire Model; Suspension Force; Inter-Vehicle Connection Model; Dollys; Aerodynamics Model; Sprung Mass Impact Model (DyMESH); Software
Implementation

o1

Chapter 5 — SIMON Tutorial ISO 3888 lane-change maneuver with and without ABS: creating the vehicle and environment, setting up and executing the
events, and viewing/printing all output reports
. Chapter 6 — Messages Complete catalog of SIMON run-time messages (fatal, diagnostic and informative)

. Chapter 7 — Technical References Published references for the SIMON, DyMESH, tire, brake and driver models

6
7
8. Chapter 8 — Index Topic index adapted for this Markdown edition
9

. Electronic Stability Systems (TCS and YSC) Supplementary reference for the Traction Control and Yaw Stability Control models: sensor models, control laws,

user parameters, outputs, and limitations

Notable Differences from the Fifth Edition (2006)

¢ Calculation Options have grown from three options (Tire Model Method, Steer DOF, Collision Acceleration Threshold) to include: three semi-empirical tire
model versions, an AutoStart Steer DOF mode, a Hydroplaning Model (NASA / NASA-TTI / Gallaway), a Connection Model selector, a Connection Failure Start
Time, a Solid Axle Inertia selector, an Accident History Basis (Impact Force / Acceleration) selector, and an Include Free Space damage-report option (see
Chapter 2).

« DyMESH Options are now configured in a dedicated dialog: Use DyMESH, Include Environment, Force to x-y Plane, Tow Vehicle / Trailer Contact, DyMESH
Version 3/4, vehicle and environment start times, contact search (Automatic / Set Box Size) and mesh smoothing model (see Chapter 2).

+ DyMESH wheel contact and damage: wheels may carry collision meshes; collision forces beyond user-set thresholds displace and reorient wheels, and the
displacement is now capped by the actual wheel-mesh contact motion each timestep (see Chapter 4, Sprung Mass Impact Model).

¢ Message catalog extended with collision/damage-related messages and a roll/pitch limit message (see Chapter 6).
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Chapter 1 — SIMON Program Description

Overview

SIMON (SImulation MOdel Non-linear) is a dynamic simulation of the response of one or more vehicles to driver inputs, inter-vehicle collision(s) and factors related
to the environment (e.g., terrain, atmosphere). SIMON is a simulation model built on a general-purpose 3-D vehicle dynamics engine developed by Engineering
Dynamics Company, LLC. The dynamics engine allows a sprung mass with six degrees of freedom and multiple axles with up to five degrees of freedom per axle.
SIMON was specifically designed to take advantage of the rich feature set available in the HVE simulation environment, including the HVE Brake Designer, Driver
Model and Tire Blow-out Model.

General Features and Capabilities

Each SIMON vehicle may have up to three axles (six axles for full trailers) and single or dual tires. Independent and solid axle suspensions are allowed. SIMON may
be used for numerous types of simulation studies. Applications for SIMON include:

« Single Vehicle Simulation — SIMON's 3-D simulation model incorporates robust tire and suspension models required for vehicle handling simulation studies,
including rollover.

¢ Articulated Vehicle Simulation — SIMON also simulates the dynamics of articulated multi-vehicle trains. The model is general and allows the user to model
virtually any vehicle/trailer configuration.

¢ Collision Simulation — SIMON incorporates DyMESH, a general-purpose, 3-D collision model for simulating vehicle-to-vehicle and vehicle-to-barrier
collisions.

¢ Vehicle Design — SIMON may be used for vehicle design projects involving suspension, brake (including ABS), tire and steering systems. Using SIMON, these
systems may be optimized on the computer before expensive prototyping and testing begins. Parametric studies involving in-use factors, such as weight
distribution changes due to occupant loading and payload location, may also be performed.

« Safety Research — Safety researchers may use SIMON for reconstructing most crashes involving single or multiple vehicles. Human, vehicle and environment
factors may be simulated and evaluated to assist in performing detailed crash studies.
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Figure 1-1: SIMON Event.

Model Inputs

SIMON inputs include one or more vehicles. Articulated vehicles are created from individual unit vehicles using compatible front and rear connections. Full trailers
are created using a semi-trailer and a front dolly.

Human occupants may also be included in SIMON. Placing a human in a vehicle affects the vehicle's inertial properties and weight distribution; however, human
motion relative to the vehicle is not modeled.

An environment is optional. If supplied, the environment may be a simple flat surface or complex 3-D digital terrain map (DTM) from a total station survey. An
unlimited number of friction zones may be supplied.
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Model Outputs
SIMON output reports include the following HVE Output Reports:

¢ Accident History
¢ Damage Data

¢ Damage Profiles
¢ Driver Controls
¢ Environment Data
¢ Event Data

¢ Human Data

¢ Messages

¢ Program Data

¢ Trajectory Simulation
e Variable Output
¢ Vehicle Data

Validation

The validation of SIMON for unit vehicle (UV), articulated vehicle (AV) and vehicle collision (VC) simulation has been completed and is available in Reference 16. A

summary of the validation test matrix is shown in Table 1-1.

This test matrix represents a cross-section of the types of events for which SIMON was intended. It is anticipated that additional validations will be published as they

are performed.

Table 1-1 SIMON Validation Study. Matrix of test configurations.

Test Description

UV-1 Passenger Car Combined Steering and Braking [11]

UV-2 Passenger Car Alternate Ramp Traversal [11]

UVv-3 Light Truck Rollover [12]

Uv-4 Straight 3-Axle Truck (30 mph), Combined Braking and Steering [13]

AV-1 Chevrolet Pickup (55 mph) towing Open-wheel Utility Trailer, ISO Lane-change with braking

AV-2 Tractor-trailer (27 mph), Combined Braking and Steering (U of M) [13]

VC-1 1992 Ford Explorer (45.9 mph) vs. 1984 Ford F-150 Pickup (46.1 mph), 55 Degree Angled Impact [14]

VC-3 1974 Ford Torino (21.23 mph) vs. 1974 Ford Pinto (0 mph), 10 Degree Offset Rear-end Impact (Calspan, RICSAC 3) [15]
VC-7 1974 Chev Chevelle Malibu (31.53 mph) vs. 1974 Ford Pinto (31.53 mph), 60 degree Angled Impact (Calspan, RICSAC 2) [15]
VC-8 1974 Chev Chevelle Malibu (21.47 mph) vs. 1975 Volkswagen Rabbit (21.47 mph), 60 degree Angled Impact (Calspan, RICSAC 6) [15]

VC-11 1974 Honda Civic CVCC (31.35 mph) vs. 1974 Ford Torino (31.35 mph), 90 Degree Angled Impact (Calspan, RICSAC 10) [15]

Basic Procedure
The procedure for using SIMON is essentially the same as using any simulation model in the HVE environment:

¢ Use the HVE Human Editor to add one or more human occupants or pedestrians to the case (this step is optional).

o Use the HVE Vehicle Editor to add one or more vehicles to the case. Optionally, edit any of the default vehicle parameters.
¢ Optionally, use the HVE Environment Editor to create an environment. A 2- or 3-dimensional terrain may also be added.

o Use the HVE Event Editor to set up and execute the SIMON simulation model by performing the following steps:

¢ Choose the humans and vehicle(s) in the desired order.

Validation By
Experiment, EDVSM
Experiment, EDVSM
Experiment, EDVSM
Experiment, EDVDS
EDSMAC4

Experiment, EDVDS
Experiment, EDSMAC4
Experiment, EDSMAC4
Experiment, EDSMAC4
Experiment, EDSMAC4

Experiment, EDSMAC4

NOTE: The order determines how articulated vehicles are connected: a vehicle without a front connection is assumed to be a unit vehicle or the first

vehicle in a vehicle train.

NOTE: The order in which humans are selected determines the vehicles in which the human(s) are riding: a human is riding in the first vehicle preceding it

in the selection list.

o Choose the SIMON simulation model.

¢ The next step is to set up the event. For each human and vehicle in the Event Humans and Vehicles list:
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« Position the object in the environment (or vehicle, in the case of human occupants) and supply a velocity.

« Optionally, assign Driver Controls (Steering, Braking, Throttle, Gear Selection).

¢ Optionally, assign a collision pulse.

« Optionally, assign a payload.

« Optionally, assign tire blow-out, wheel displacement and/or brake temperature and adjustment data.

¢ Optionally, assign locations for one or more accelerometers.

¢ Execute the simulation event.

* Modify the initial conditions, driver controls and other parameters as required to achieve the desired match between simulation and test conditions.
¢ Use the HVE Playback Editor to view the various reports.

o If desired, produce a simulation movie of the simulation.
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Chapter 2 — SIMON Program Input

This chapter defines the objects (humans, vehicles and environment) and the event set-up parameters (positions, velocities, driver controls, and so forth) used by the
SIMON analysis. In general, the chapter is divided into the following sections:

¢ Objects — The number of humans and vehicles, and the specific human, vehicle, and environment parameters actually used by SIMON.

¢ Events — The various HVE options available for setting up and executing a SIMON event.

Objects Overview
The objects used by the SIMON model are:

¢ Humans — Human occupants may be placed in vehicles in SIMON, and human pedestrians may be placed in environments in SIMON.
o Vehicles — An infinite number of vehicles may be studied by SIMON.

« Environment — Like the real world, SIMON has exactly one environment.
NOTE: The environment is used in any HVE-compatible reconstruction or simulation model.

The following sections describe how the humans, vehicles and environment provide the required inputs to the SIMON calculation model.

Humans
SIMON uses humans created using the HVE Human Editor (Figure 2-1). Humans are selected from the Human Database by choosing the following attributes:
¢ Location — SIMON supports all occupant locations (pedestrians will appear in the event but are not used in SIMON calculations)
¢ Sex — SIMON supports both male and female
¢ Age — Adult or child (specified by years of age)
¢ Weight Percentile — SIMON supports all available weight percentiles
« Height Percentile — SIMON supports all available height percentiles

To add a human to the current HVE case, perform the following steps:

1. Choose Human mode. The Human Editor is displayed.
2. Choose Add New Object. The Human Information dialog is displayed.
3. Click on the Location, Sex, Age, Weight Percentile, and Height Percentile option buttons to select a human from the database.

4. Enter a name for the current human. A default name is supplied for each selected human. The name is user-editable, and does not affect calculations.
NOTE: Duplicate human names are not allowed in the same case.

1. Click OK to add the human to the current case.
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Figure 2-1: HVE Human Editor.
NOTE: SIMON is not a human simulator. During simulation, the human occupants do not move relative to the vehicle.

The following human parameters are used by SIMON:

¢ Inertia
o Weight

Inertia

Weight

SIMON uses the total weight of the human in order to adjust the inertial properties of the vehicle sprung mass. The weights of all ellipsoids are added together to
compute the total human weight. The total weight is applied to the vehicle at the vehicle-fixed coordinates of the pelvis CG. Neither the rotational segment inertias nor
the body configuration is used by SIMON.

Vehicles
SIMON uses vehicles created using the HVE Vehicle Editor (Figure 2-2). Vehicles are selected from the Vehicle Database by choosing the following attributes:

« Type — SIMON supports all vehicle types including: Passenger Car, Pickup, Van, Sport-Utility, Truck, Trailer, Dolly, Fixed Barrier and Movable Barrier.
¢ Make — SIMON supports all available vehicle makes.

¢ Model — SIMON supports all available vehicle models, within the limits defined by number of axles; see below.

¢ Year — SIMON supports all available vehicle years.

¢ Body Style — SIMON supports all available vehicle body styles.

Each vehicle also has the following additional user-editable parameters:

¢ Number of Axles — SIMON supports 0-, 1-, 2- and 3-axled vehicles.

* Driver Location — The Driver Location is not used by SIMON. However, if Driver Location is None, the Driver Controls (Steering, Brakes, Throttle, Gears)
will not be available during Event mode.

« Engine Location — The Engine Location is not used by SIMON. However, if Engine Location is None, the Throttle and Gear Tables will not be available during
Event mode.

« Drive Axle(s) — SIMON supports all drive axles.
To add a vehicle to the current HVE case, perform the following steps:

1. Choose Vehicle mode. The Vehicle Editor is displayed.
2. Choose Add New Object. The Vehicle Information dialog is displayed.
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3. Click on the Type, Make, Model, Year and Body Style option buttons to select a vehicle from the database.
4. If desired, modify the Number of Axles, Driver Location, Engine Location and Drive Axle(s) for the current vehicle.

5. Enter a name for the current vehicle. A default name is supplied for each selected vehicle. Its name is user-editable, and does not affect calculations.
NOTE: Duplicate vehicle names are not allowed in the same case.

1. Click OK to add the vehicle to the current case.

B Ui W g [ E

Figure 2-2: HVE Vehicle Editor showing a passenger car and a truck.

The following Vehicle Parameter groups are used by SIMON:
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¢ Sprung Mass

¢ Inertias

¢ Move CG

¢ Connections

o Aerodynamic Drag
« Body Torsion

¢ Geometry File
¢ Unsprung Mass
¢ Suspension Data
¢ Brake Data

e Tire Data

¢ Wheel Location
¢ Steering System
¢ Braking System
¢ Drivetrain

* Engine

¢ Transmission

« Differential

o Inertia

o Exterior Stiffness

The specific data used in each of the above parameter groups are defined in Tables 2-1 through 2-5.

Sprung Mass
The Sprung Mass parameters are shown in Table 2-1. Information on each group is provided below.

Table 2-1 Vehicle Sprung Mass Parameters Used By SIMON.

Parameter Description
Sprung Weight ‘Weight of vehicle sprung mass
Sprung Mass Roll, Pitch and Yaw Inertia, and x-z Rotational inertia of sprung mass about the vehicle-fixed x, y and z axes, respectively, and x-z product of inertia

Product of Inertia

Move CG X, y, z Relocates the CG in the vehicle-fixed x, y and z directions. This entry causes an automatic adjustment of all vehicle coordinate-related
parameters (e.g., contact surface, belt anchor points).

Geometry File Vehicle exterior 3-D mesh and dimensions used by DyMESH

Inter-vehicle Connections Type, location, and properties of front and rear connections

Aerodynamic Drag Drag coefficient, projected surface area, and center of pressure x, y, z coordinates for each surface or device that is defined as installed
Inertias

SIMON uses the sprung vehicle weight (converted to mass according to the current gravitational constant; see Environment), as well as the roll, pitch, and yaw
rotational inertia and x-z product of inertia of the sprung mass.

The total weight is often entered because it is the value traditionally obtained from data sources. However, the equations of motion require that the sprung mass be
known. To obtain this value, SIMON simply deducts the weight of the suspensions and wheels from the total weight.
Move CG

Move CG is not directly used by SIMON, i.e., the current values do not show up in the SIMON results. However, the Move CG fields may be used in the Vehicle
Editor to quickly move the vehicle's center of gravity; the x, y, z coordinates for the wheels and other vehicle-fixed components are updated to reflect the new CG
location.

Geometry File
The Geometry File supplies the vehicle exterior vertex data used by DyMESH.

Contact Surfaces

Contact Surface parameters are not used by SIMON.

Belt Restraints

Belt Restraint parameters are not used by SIMON.
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Airbag Restraints

Airbag Restraint parameters are not used by SIMON.

Inter-vehicle Connections
Inter-vehicle Connection parameters define the type, location and mechanical properties of the front and rear vehicle connections. The X, y, and z location is specified

relative to the vehicle CG. The z coordinates for each vehicle determine the elevation at the connection point, and thus establish the pitch angle of the trailer.

Dollys may be either fixed or converter dollys. A fixed dolly is permanently attached to the front of the trailer and normally has a hinged drawbar. A converter dolly is
removable. It normally has a hinged fifth wheel and a fixed drawbar. See Chapter 4 for more information about drawbar types and their characteristics.

The Connection Friction, Radius and Maximum Articulation Angle are only supplied for the rear connections.

NOTE: Every trailer will have a pre-defined front connection. However, not every tow vehicle has a pre-defined rear connection. Use the Vehicle Editor to

confirm the vehicle has a connection.

Drag Forces

Aerodynamic drag forces are allowed to act on up to six surfaces (front, rear, right, left, top, bottom) and two user-defined devices (e.g. front or rear wing). These
forces are functions of projected area,

Aerodynamic Drag Coefficient
, wind speed and air density. By default, the front surface is assigned aerodynamic properties. Assignment of aerodynamic properties for other surfaces is left up to the

user. See Chapter 4 for more information about aerodynamic drag forces.

Unsprung Mass

The Unsprung Mass parameters used by SIMON are shown in Tables 2-2 and 2-3. Information on each group is provided below.

Wheel Location

SIMON allows for the definition of X, y, z coordinates for each wheel center without any assumption of vehicle symmetry. The specific parameters used by SIMON
are shown in Table 2-2.

NOTE: SIMON uses Z,,xe¢e; and the tire radius (see Tire Parameters) to calculate static CG elevation above ground.

NOTE: It is possible, therefore, that one tire, on a four wheeled vehicle, could be out of contact with the ground in both static and dynamic conditions.

Brake

SIMON uses Time Lag and Time Rise in controlling brake torque application. Each wheel's brake assembly optionally can be described using the HVE Brake
Designer (see HVE User's Manual, Section Eleven, Chapters 29 and 30, and reference 1). SIMON does not use the wheel brake system Antilock Effectiveness.
Instead, SIMON uses the HVE ABS Model to simulate ABS. This is a robust, algorithm-driven ABS simulation model. See also Brake System (later in this chapter),
HVE User's Manual, Chapter 31,

Anti-lock Braking Systems
, and reference 10.

Table 2-2 Vehicle Unsprung Mass, Wheel and Brake Parameters Used By SIMON.

Parameter Description
‘Wheel Location Vehicle-fixed x, y, z coordinates for each wheel
Brake Time Lag, Brake Time Rise Time delay from initiation of pedal force to initiation of brake pressure at the wheel, and amount of time necessary to build up brake

torque after pressure reaches the wheel

Brake Assembly Type, Brake Push-out Pressure, Brake | Type of generic, disc, or drum brake (Brake Designer), and physical parameters of the brake system
Torque Ratio

Brake Proportioning Ratio, Brake Pstart Ratio for splitting brake pressure between front and rear brakes, and pressure at which proportioning begins
ABS Wheel Data Parameters Algorithm-dependent parameters used by the selected ABS model (see Brake System)
Tire

SIMON uses a modified version of the EDC Semi-empirical Tire Model developed for EDVDS [2, 3]. The HVE tire parameters provide the following data groups:

¢ Physical Data

¢ Friction Table

¢ Cornering Stiffness Table
« Camber Stiffness Table

o Slip vs. Rolloff Table

SIMON's use of these parameters is described below and in Table 2-3.
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Physical Data

The Tire Physical Data used by SIMON are shown in Table 2-3. The tire's unloaded radius is used to establish the vehicle's static CG elevation. Aligning torque is not
used.

Friction Table

The Friction Data used by SIMON are shown in Table 2-3. At each time-step SIMON interpolates between the data in the Friction vs. Longitudinal Slip table to obtain
the peak friction, slide friction, slip at peak friction and Longitudinal Stiffness for the tire's current load and speed. The interpolated peak and slide friction values are
then multiplied by the friction multiplier of the terrain beneath the tire; the longitudinal stiffness is not. (updated: earlier editions stated that the Longitudinal Stiffness

value was used only when there was no slippage in the contact patch. It is interpolated and used at every time-step — see Chapter 4, Tire Model.)

The

is a convenient way to reduce or increase the dependent friction values (peak and slide friction) for all loads and speeds by making just one adjustment.

Cornering Stiffness Table

The Cornering Stiffness data used by SIMON are shown in Table 2-3. SIMON interpolates between the data in the F',, vs. Slip Angle table to calculate cornering

stiffness for the correct load and speed at each time-step.

The

In-use Factor

In-use Factor

is a convenient way to reduce or increase the dependent cornering stiffness values for all loads and speeds by making just one adjustment.

NOTE: If you are simulating a vehicle with a flat tire, you'll probably want to use the HVE Tire Blow-out Model (see Event).

Table 2-3 Vehicle Unsprung Mass, Tire Parameters Used By SIMON.

Parameter
Tire Unloaded Radius

Tire Initial and Secondary Deflection Rates, Deflection at Secondary
Rate and Maximum Deflection

Pneumatic Trail

Weight, Spin Inertia, Steer Inertia

Linear and Velocity Dependent Rolling Resistance Constant
Tire Friction Table, Test Load/Speed

Peak Longitudinal Friction, Peak Lateral Friction, Slide Friction, Slip
at Peak Friction and Longitudinal Stiffness

Friction In-use Factor

Tire Cornering Stiffness Table, Test Load and Speed
Cornering Stiffness

Cornering Stiffness In-use Factor

Tire Camber Stiffness Table, Test Load and Speed
Camber Stiffness

Camber Stiffness In-use Factor

Camber Stiffness Table

The Camber Stiffness data used by SIMON are shown in Table 2-3. SIMON interpolates between the data in the F' y Vs Inclination Angle table to calculate camber

stiffness for the correct load and speed at each time-step.

The

Description

Tire radius before any load is applied

The initial spring rate of the tire, and the spring rate after a specified amount of tire deflection. The maximum

deflection is used to determine when tire deflection exceeds an allowable value.

In the tire-fixed coordinate system, the x' coordinate of the center of pressure

The weight and rotational inertia (about the spin and steer axes) of the tire/wheel/brake assembly
Constants accounting for rolling resistance due to tire and terrain properties

The load and speed for a given set of friction results

Tire frictional and longitudinal stiffness properties at the specified load and speed

Multiplier for Longitudinal and Slide Friction

The load and speed for a given cornering stiffness value

Tire lateral force per unit of tire lateral slip for small amounts of lateral slip
Multiplier for Cornering Stiffness values

The load and speed for a given camber stiffness value

Tire lateral force per unit of inclination angle for small amounts of inclination angle

Multiplier for Camber Stiffness values

In-use Factor

is a convenient way to reduce or increase the dependent camber stiffness values for all loads and speeds by making just one adjustment.

Slip vs. Rolloff Table

SIMON does not use either the longitudinal or lateral Slip vs. Rolloff Tables.

Suspension

The HVE Suspension Model provides the following data groups:

e Springs and Shocks
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o Inertia

« Jounce/Rebound Stops
« Spindle Axis

¢ Camber Table

« Anti-pitch Table

* Roll Steer Table

Engineering Dynamics Company

SIMON supports all suspension types, including those with tandem axles. Independent suspension types do not use inertial properties (the weight of the suspension

arms is ignored; the weight of the brake and wheel are included with the tire). Independent and solid axle suspension types use different camber and roll-steer

parameters. Spindle axis is only available for steerable wheels (see Steering System). SIMON's use of these parameters is described below.

Inter-tandem Axle Load Transfer

Inter-tandem Axle Load Transfer is not used by SIMON.

Springs and Shocks

SIMON uses the individual spring rates for the right and left springs on an axle. They need not be equal.

Roll Center Height and Lateral Spring Spacing apply for each axle.

NOTE: Remember that roll center height is measured from the sprung mass CG, and is positive downwards.

Damping properties, like spring rates, are applied to the right and left sides of each axle. They need not be equal.

The Spring and Shock data used by SIMON are shown in Table 2-4.

Table 2-4 Suspension Mechanical and Geometry Parameters Used By SIMON.

Parameter

Wheel Ride Rate

Auxiliary Roll Stiffness

Roll Center Height

Lateral Spring Spacing

Shock Damping

Coulomb Friction and Friction Null Band
Suspension Inertias

Maximum Deflection at Jounce/Rebound Stop
Linear and Cubic Deflection Rates at Jounce/Rebound Stop
Energy Ratio of Jounce/Rebound Stop

Caster

Kingpin Inclination Angle

Stub Axle Length

Steering Offset (Scrub Radius)

Steering Stop Angles

Steering Stop Stiffness

Camber

Roll Steer

Inertias

Description

Linear force vs. Deflection characteristic measured at the wheel

Moment per unit of body roll produced by the addition of an anti-sway bar

Vertical distance from the vehicle CG to the roll axis measured at the suspension
Lateral distance between right and left side suspensions

Damping at wheel

Coulomb friction and friction null band at wheel

Weight and roll/yaw rotational inertia of the suspension, excluding wheels and brakes
Maximum suspension travel in jounce/rebound

Linear and cubic stiffness rates of jounce/rebound stop

Ratio of stop relaxation force to stop compression force

Rearward tilt of steering axis

Inward tilt of steering axis

Distance from steering axis to wheel center

Distance from wheel plane to steering axis at ground plane

Steer angle for right and left steering stops

Mechanical stiffness of steering stops

Camber and Half-track change as a function of jounce/rebound (constant camber value used for solid axle suspension)

Constant, linear, quadratic, and cubic coefficient of roll steer (constant roll steer value used for solid axle suspension)

Inertial mass parameters do not include the weight of the brake assemblies or wheels (brake and wheel inertias are included with the tire). The Suspension Inertia data

used by SIMON are shown in Table 2-4.

Jounce and Rebound Stops

The linear and cubic deflection rate of the suspension stops is the effective value at the wheel. Left and right side suspension stops are not assumed to be the same. The

Jounce and Rebound Stop data used by SIMON are shown in Table 2-4.
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Spindle Axis

Caster, kingpin inclination angle, stub axle length and steering offset are used to orient the wheel (wheel camber and inclination angles change as the wheel jounces
and steers).

NOTE: Wheel Camber (below) also affects wheel orientation.

Steer stop data (stop angles and stop stiffness) are used when the Steer Degree of Freedom option is selected.

Camber and Half-track Change Tables

A constant Camber value may be assigned at each wheel for a solid axle suspension.

Camber and half-track tables apply only to independent suspension types. The default properties for the right side and left side tires are the same, but they may be
edited individually.

Anti-pitch

Anti-pitch force vs. Suspension jounce and rebound are not used by SIMON.

Roll Steer

A Roll Steer vs. Jounce/Rebound Table is used for independent suspension types; a single value is used for solid axles. The roll steer properties for the right and left
side tires are not assumed to be the same.

Exterior

The Vehicle Exterior Stiffness Data are used by the DyMESH collision routine within the SIMON physics model; see DyMESH manual.

Steering System Data

SIMON uses the steering gear ratio if the

At Driver
Steering Table option is used during Event set-up (see Table 2-5). SIMON also uses steering column friction and friction null band, and steering column inertia if the
Steer Degree of Freedom option is selected.

If the Steer Degree of Freedom Normal option is selected, SIMON ignores user-entered steering system data and computes steer angles based on driving surface
inputs. If the Append option is selected, SIMON uses the user-entered steering system data until the last timestep for which data are entered; after that, the Steer
Degree of Freedom model is used.

The steering system data used by SIMON are shown in Table 2-5.

Table 2-5 Steering System, Brake System, and Drivetrain Parameters Used By SIMON.

Parameter Description

Steering Gear Ratio Ratio of steering wheel angle to wheel angle

Steering Column Friction and Friction Null Band Friction and friction null band of steering column

Steering Column Inertia Rotational inertia of the steering column

Brake Pedal Ratio Ratio of brake system pressure to pedal force

Engine Power vs. Speed Table Tables of engine power vs. engine speed for open and closed throttle positions
Transmission Ratio Ratio of engine to drive shaft rotation

Differential Ratio Ratio of drive shaft to axle rotation

Drivetrain Inertia Rotational inertia of the drivetrain

Brake System Data

The Brake System pedal ratio (system pressure per unit of pedal force) is used if the
Pedal Force
Brake Table option is used during Event set-up (see Table 2-5).

The Brake System Data also include the HVE ABS System Model option. If this model is invoked, SIMON uses the ABS System Data parameters and ABS Wheel

Data parameters. See also HVE User's Manual, Chapter 31,
Anti-lock Braking Systems
, and reference 10.

NOTE: See also Wheel Brake Data (Unsprung Mass Parameters) for related information.

Page 14 of 109



HVE — SIMON Engineering Dynamics Company

Drivetrain Data

Engine power as a function of engine speed is defined for both wide-open throttle and closed throttle positions. The Drivetrain data (engine power vs. speed,
transmission ratio, differential ratio, drivetrain inertia) are used if the

Percent Wide-open Throttle
option is used during Event set-up (see Table 2-7). Rotational inertia includes the engine, transmission, driveline, and differential.

The drivetrain data used by SIMON are shown in Table 2-5.
The user-entered Power vs. Engine Speed Table defines the valid range of engine speeds for a given event. If the maximum engine speed in the table is exceeded, the
simulation terminates with an error message (see Messages).

NOTE: The typical solution to this problem is to shift sooner.

The transmission may have up to 12 forward ratios, plus reverse and neutral. The differential may have up to three ratios.

The transmission may be either manual or automatic. A manual transmission takes its gear from the driver's Gear table. An automatic transmission selects its own gear
from the current engine speed and throttle position, using the vehicle's shift data — a minimum and maximum engine speed for shifting, and the upshift and downshift
throttle positions at each. See Chapter 4,

Drive Torque — Gear selection

(updated: automatic transmission support was not described in the Fifth Edition manual.)

NOTE: The Use Clutch/Torque Converter option is part of the event's Driver Controls rather than the vehicle's Drivetrain data. When it is selected, the engine is

allowed to turn faster than the road speed implies while the transmission is in reverse or first gear. See Chapter 4, Drive Torque — Clutch.

Environment
SIMON uses the environment created by the HVE Environment Editor (Figure 2-3). The environment is created by defining the following groups of attributes:

e Visual Data

¢ Physical Data

Creating an Environment
To add an environment to the current HVE case, perform the following steps:

. Choose Environment mode. The Environment Editor is displayed.
. Choose Add New Object. The Environment Information dialog is displayed.
. Click on the Location combo box to select the desired city, state and country, and associated Latitude, Longitude and GMT.

. Enter the Time and Date for the event.

. Enter the Gravity Constant for the event.

1

2

3

4

5. Enter the Angle of the X axis, Wind Speed and Direction, Barometric Pressure and Temperature for the event.

6

7. Enter an environment name. A default name is supplied for the current environment. The name is user-editable, and does not affect calculations.
8

. Click OK to add the environment to the current case.

The Visual and Physical attribute groups are defined below.
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Figure 2-3: HVE Environment Editor.

Visual Data

The following visual parameters may be edited:

« Environment Location — A database containing the name (City/State/Country), Latitude and Longitude and GMT for the selected location.

« Time and Date — The local standard time and date for the event.
The visual data are not used by the event; they are provided for studies related to visibility at the time of an event (e.g., avoidability of an accident).

NOTE: The visual data (Location, Time, Date and Angle of earth-fixed X axis) affect the lighting of the event! Depending on your view (Camera Position) the
scene may be shaded and difficult to see. If the time is after sundown, the view will be dark.

Physical Data
The Physical Data groups are:

¢ Angle of X Axis

¢ Wind Speed and Direction

¢ Atmospheric Temperature and Pressure
¢ Gravity Constant

¢ 3-D Surface Geometry
The specific physical environment data used by SIMON are described below and in Table 2-6.

Table 2-6 Environment Model Parameters Used By SIMON.

Parameter Description

Angle of X Axis The angle between the earth-fixed X axis and true North

Wind Speed and Direction Local wind speed and direction relative to earth-fixed X axis

Atmospheric Temperature and Pressure Local atmospheric temperature and pressure

Gravitational Constant Local gravitational constant

3-D Surface Geometry (Elevation, Friction Factor) The polygon database used to create the 3-D environment describing the physical characteristics of the driving surface
Angle Of X Axis

The angle of the X axis is used to position the earth-fixed coordinate system on the surface of the earth.
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NOTE: The angle is specified relative to true North. If you are using a compass to determine direction at the scene of an accident, you should provide a
correction factor before entering this angle.

NOTE: The angle of the X axis affects how you visualize a SIMON event because it affects the location of the sun.

Wind Speed and Direction

SIMON uses Wind Speed and Direction together with vehicle velocity and exterior to calculate aerodynamic forces acting on the vehicle (see Chapter 4, Calculation
Method).

NOTE: Enter the wind direction relative to the earth-fixed coordinate system.

Atmospheric Temperature and Pressures

Atmospheric temperature and pressure are used to calculate the density of the air. The density, in turn, is used in the aerodynamic calculations.

Gravity Constant

The gravity constant converts mass to force. An object's mass and rotational inertias are properties that are the same throughout the universe; however, the weight of

an object is dependent on the local gravitational constant.
3-D Surface Geometry
The 3-D Surface Geometry is used by the tire model in SIMON to calculate the elevation, slope and friction multiplier for the current X, Y position of the tire.

Rapid changes in surface elevation, such as curbs, during one integration timestep may cause severe tire force causing the run to terminate. If this occurs, you should
try reducing the integration timestep or smoothing, to the degree possible, the surface.

Event

SIMON uses the HVE Event Editor (Figure 2-4) to create, set up and execute an event. Each of these topics is described below.

Creating An Event
A SIMON event is created using the Event Information dialog.
To create a SIMON event:

1. Choose Event mode. The Event Editor is displayed.
2. Choose Add New Object. The Event Information dialog is displayed.
3. Optional: Select humans from the Active Humans list.

4. Select vehicles from the Active Vehicles list.

NOTE: The order in which humans and vehicles are selected is important in SIMON, as in all HVE-compatible physics models. Humans are assigned to be
"riding" in the vehicle that is chosen directly before them. For combination vehicles, trailers and dollys are also assigned to be attached to the vehicle chosen

immediately before them.

1. Select the calculation model, SIMON, from the Calculation Model options list.

2. Enter an event name. A default name is supplied for the selected event. The name is user-editable, and does not affect calculations.
NOTE: Duplicate event names are not allowed in the same case.
1. Click OK to create the SIMON event.

NOTE: If you choose a vehicle that is not compatible with SIMON, a message will be displayed describing the problem. You will not be allowed to proceed
until SIMON-compatible objects are selected.
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Setting Up an Event

Figure 2-4 HWVE Event Editor setting up and executing a SIMON event.

Figure 2-4: HVE Event Editor setting up and executing a SIMON event.

SIMON uses the following event set-up options:

.

Position/Velocity — Vehicles
Position/Velocity — Humans
Driver Controls

Collision Pulse

Vehicle Mesh

Vehicle Payload

Vehicle Wheels

Accelerometers

The specific Event Set-up data used by SIMON are defined in Table 2-7.

Table 2-7 Event Set-up Parameters Used By SIMON.
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Parameter
Vehicle Initial Position
Vehicle Initial Velocity

Human Initial Position

Human Initial Velocity

Driver Controls, Steer Table
Driver Controls, Brake Table
Driver Controls, Throttle Table
Driver Controls, Gear Table

Driver Controls, HVE Driver
Model

Collision Pulse

Vehicle Mesh (DyMESH Only)
Payload

Accelerometers

Wheels, Blow-out

Wheels, Damage

Wheels, Brake

Wheels, Tire-Terrain

Position/Velocity

Engineering Dynamics Company

Description
Earth-fixed X, Y, Z coordinates and roll, pitch, yaw angles of the vehicle sprung mass at the start of the simulation
Total velocity and sideslip angle, and roll, pitch and yaw angular velocities at the start of the simulation

For occupants, the vehicle-fixed x, y, z coordinates and roll, pitch and yaw angles of the human pelvis segment; for pedestrians, the positions are defined in
the earth-fixed coordinate system

Any initial velocity is ignored by SIMON

Steer Table Option: Steering Wheel Angle vs. time, or Tire Steer Angle vs. time

Brake Table Option: Brake Pedal Force vs. time, or Wheel Brake Force vs. time, or Percent Available Friction vs. time
Throttle Table Option: Percent Wide-open Throttle vs. time, or Tractive Force vs. time, or Percent Available Friction vs. time
Gear Table Option: Transmission Gear vs. time, or Differential vs. time

Variable Steering control parameters, Neuro-muscular Filter

Pulse Table Type: vehicle-fixed force and moment vs. time, velocity vs. time, or position vs. time

‘Weld Distance, Tessellation Length, Water-tight Status, Inter-vehicle Friction, Restitution

Location, Weight and roll, pitch and yaw moments of inertia of payload

Vehicle-fixed x, y, z coordinates for up to five accelerometers

Start time and Duration, stiffness factor, and rolling resistance factor for tire blow-out model

Start time and Duration, Vehicle-fixed change in Wheel Coordinates and Camber, Percent of Lock-up Torque
Initial Lining/Drum Temperatures, Stroke, and Start Time, Duration and Percent of Brake Failure

Tire-Terrain Model, Radial Spring Parameters, Sidewall Impact Parameters

Like all simulations, SIMON requires initial positions and velocities to be supplied by the user.

Unit vehicles and tow vehicles are positioned relative to the earth-fixed coordinate system by supplying the X, Y, Z coordinates of the CG, and roll (@), pitch (@) and

yaw (¥) angles about vehicle x, y and z axes, respectively.

NOTE: Z, roll and pitch are supplied automatically when AutoPosition is selected from the Options menu.

Trailers and dollys are positioned relative to their respective tow vehicle by supplying the initial roll, pitch and yaw articulation angles. Roll and pitch are determined
by the environment if AutoPosition is selected. The default yaw articulation angle is 0.0 degrees.

The velocities of unit and tow vehicles are supplied in the form of a total velocity and sideslip angle.

NOTE: The vehicle-fixed u (forward) and v (side) velocity components are calculated using the total velocity and sideslip angle. Vertical velocity is initially set

to zero.

Trailer and dolly articulation angular velocities are assigned relative to the tow vehicle. The default angular velocities are 0.0 degrees/second.

For human occupants, positions are specified relative to the original, unloaded vehicle CG. However, HVE stores the positions relative to the CG altered to reflect the
addition of humans and any payloads. Any initial velocity entered by the user is ignored by SIMON. The positions are used with the occupant body weights to adjust

the weight and CG location of the sprung mass.

NOTE: Although human pedestrians are not used by SIMON, they can be placed in events to add to the scene. Pedestrian positions are defined relative to the

earth-fixed coordinate system.

Driver Controls

SIMON uses the following Driver Controls:

¢ Steering — A table of steering inputs as a function of time. All input options (At Driver and At Axle) are supported.

NOTE: If selected, the Steer Degree of Freedom Model will override any user-entered steering inputs, unless the Append Option is selected.

« Brakes — A table of braking inputs as a function of time. All input options (Pedal Force, Wheel Force and Percent Available Friction) are supported.

NOTE: The Pedal Force option is recommended (see Chapter 4, Calculation Method).
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« Throttle — A table of throttle inputs as a function of time. All input options (Percent Wide Open Throttle (% WOT), Wheel Force and Percent Available Friction)
are supported.

NOTE: The %WOT option is recommended (see Chapter 4, Calculation Method).

* Gears — A table of instructions for shifting gears as a function of time.

« HVE Driver Model — Options for using the Path Follower, Speed Follower, and Neuro-muscular Filter. The HVE Driver Model is a closed-loop driver
simulator which calculates driver input as a function of time (see Chapter 4 and [4]).

The Driver Controls Data used by SIMON are shown in Table 2-7.

Damage Profiles

The Damage Profiles data are not used by SIMON.

Collision Pulse
SIMON supports a user-entered collision pulse table, available by selecting Set-up, Collision Pulse for the selected vehicle. Three table types are available:
« Force and moment vs. time — vehicle-fixed force and moment components are applied at a user-specified vehicle-fixed location and added to the forces and
moments acting on the sprung mass. The effect of non-modeled external forces (e.g., wind) may be studied using this option.
« Velocity vs. time — the vehicle's six velocity components are prescribed directly from the table.

« Position vs. time — the vehicle's earth-fixed position and orientation are prescribed directly from the table.

(updated: the Fifth Edition manual described only the force and moment table type.)

NOTE: The velocity and position table types override the vehicle's equations of motion while the table runs, so results that depend on the computed forces

should not be read as physical during that interval. See Chapter 4, Collision Pulse Table.

Vehicle Mesh

The Vehicle Mesh options used by SIMON include the ability to tessellate the vehicle mesh, assign inter-vehicle friction and relaxation length values between the
selected object and target objects. These options are used in vehicle collision simulations by the DyMESH 3-D collision algorithm.

Vehicle Payload

The Payload Data used by SIMON include the payload X, y, z coordinates relative to the vehicle's CG, and the payload rotational inertias. One payload may be entered
per vehicle. SIMON computes a new sprung mass CG location and new sprung mass rotational inertias based on these data.

Vehicle Wheels

SIMON supports the Tire Blow-out Model, Wheel Damage option, HVE Brake Designer (HVE User's Manual, See Section Eleven and References 1 and 10) and the
Tire-Terrain Model options. These options allow the user to study event-related phenomena at each wheel. The individual parameters are shown in Table 2-7. Also,

refer to the HVE User's Manual, Menu Reference, Edit Menu, for detailed information regarding these options.

Accelerometers

SIMON allows the user to place virtual accelerometers in the vehicle at up to five vehicle-fixed locations. These accelerometers can be used to track the total
acceleration and acceleration components at various locations within the vehicle (e.g., specific seat locations). The accelerometer outputs are included in the Variable

Output, Accelerometer group (see Chapter 3, Variable Output).

Contacts

The Contacts data are not used by SIMON.

Restraints

The Restraints data are not used by SIMON.

Event Calculation Options

(updated: the SIMON Calculation Options dialog has grown considerably since the Fifth Edition manual, which described only three options — Tire Model Method, Steer DOF and Collision
Acceleration Threshold.)
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Figure 2-5: SIMON Calculation Options Dialog (legacy version).
SIMON's Calculation Options include:

« Tire Model Method — A radio button defining the version of the EDC semi-empirical tire model used for the event. The current dialog offers Semi-Empirical,
Vers. 1, Semi-Empirical, Vers. 2 and Semi-Empirical, Vers. 3. Vers. 3 is the default for a new event and is the recommended choice; Vers. 1 and Vers. 2 are
retained so that results from earlier releases can be reproduced. The three versions share the same structure and differ only in the treatment of the slip-angle
function, the direction of the lateral force when a tire travels rearward, the limit placed on effective friction, and the handling of cornering and camber stiffness at
very low wheel speeds — see Chapter 4, Tire Model, for the details. The selected version affects only the tire shear-force calculation; it does not change the radial
force, rolling resistance or hydroplaning models. (updated: the Fifth Edition manual showed only "Semi-Empirical" and a disabled "Magic Formula" option; the
current dialog instead offers three versions of the semi-empirical tire model.)

« Steer DOF (Off/Normal/Append/AutoStart) — Selecting this option allows tire forces to affect wheel heading. This is equivalent to the driver taking their hands
off the steering wheel. With AutoStart, the wheels follow the steer table until the vehicle is involved in a collision and respond to tire forces thereafter; both
vehicles in the collision start together. See Chapter 4, Steering System, for what each setting does and for the moments acting on the steering system. (updated:
the AutoStart option has been added since the Fifth Edition manual.)

NOTE: If Normal Steer DOF is selected, any user-entered driver control inputs will be ignored. If Append Steer DOF is selected, SIMON switches from user-
entered driver control input to the Steer DOF at the time of the last entry in the Driver Steering Table.

NOTE: Using the Append option provides a powerful tool for simulating post-collision vehicle behavior during which the driver's hands come off the steering
wheel.

« Hydroplaning Model (Off / NASA / NASA-TTI / Gallaway) — Selects the model used to compute tire hydroplaning on flooded road surfaces. The default is
Off. Hydroplaning is evaluated only for tires in contact with an environment polygon whose object type is Water, and it requires the tire's Nominal Pressure,
Tread Width and Tread Depth (Tire Physical Data); the Gallaway model additionally uses the water depth and the pavement macrotexture. Above the model's
threshold speed the tire's friction switches to the water polygon's friction value. Hydroplaning cannot be combined with the Soft Soil tire-terrain model. See

« Connection Model (Use Both Vehicles / Use Heavier Vehicle / Use Tow Veh Properties) — Selects which vehicle's properties govern the stiffness of an inter-
vehicle connection (e.g., tractor-trailer articulation). The default is Use Heavier Vehicle. (updated: option added since the Fifth Edition manual.)

¢ Connection Failure Start Time — The earliest simulation time (sec) at which an inter-vehicle connection is permitted to fail. (updated: option added since the
Fifth Edition manual.)

« Solid Axle Inertia (Use Axle Only / Use Axle + Wheels) — Selects whether solid-axle roll inertia is computed from the axle alone or from the combined axle
and wheel inertias. The default is Use Axle + Wheels. (updated: option added since the Fifth Edition manual.)

¢ Accident History Basis (Use Impact Force / Use Impact Acceleration) — Selects the basis used by SIMON to detect the separation time reported in the Accident
History report. With Use Impact Force (the default), the collision phase ends when collision contact between the two vehicles is lost. With Use Impact
Acceleration, it ends either when contact is lost or when both vehicles' total acceleration falls below the Collision Acceleration Threshold, whichever comes first.
The impact time is detected from collision contact in both cases. See Chapter 4, Sprung Mass Impact Model — Impact and separation. (updated: option added
since the Fifth Edition manual. Earlier descriptions stated that this option governs the detection of impact as well as separation; it affects separation only.)

+ Collision Acceleration Threshold — The total acceleration below which both vehicles must fall for the collision phase to be considered over. (updated: in the
current dialog this field is active only when the Accident History Basis is set to Use Impact Acceleration; its default value is the environment's gravity constant,
i.e., 1 g. It is used to end the collision phase, not to begin it, and it does not gate the delta-V calculation.)

¢ Include Free Space — A checkbox controlling how crush depth is reported in the Damage Data report. When unchecked (the default), the crush tables report
crush depth excluding free space (Crush Depth, Excl. Free Space); when checked, the reported crush depth includes the free space between the exterior surface
and the underlying crushable structure (Crush Depth, Incl. Free Space). (updated: option added since the Fifth Edition manual.)
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DyMESH Options

(updated: this section is new. In the current version of HVE, SIMON events include a separate DyMESH Options dialog, which controls the DyMESH 3-D collision algorithm. SIMON is the HVE
simulation model that uses DyMESH.)

The DyMESH Options dialog contains the following options:

« Use DyMESH — Main checkbox enabling the DyMESH 3-D collision algorithm for the event. This option requires a DyMESH license; all remaining options
are available only when Use DyMESH is checked.

¢ Include Environment — Extends DyMESH collision detection to include vehicle-environment mesh contact (e.g., striking a rigid barrier or terrain feature), in
addition to vehicle-vehicle contact.

« Force To x-y Plane — Keeps the DyMESH deformation (pushback) direction horizontal, which helps prevent a severe over-ride in very high-speed collisions. It
is not applied to contact with the environment.

¢ Tow Vehicle / Trailer Contact — Enables DyMESH mesh contact between vehicles joined by an inter-vehicle connection (e.g., jackknife contact between a
tractor and its trailer).

« DyMESH Version No (Version 3 / Version 4) — Selects the version of the DyMESH collision algorithm. Version 4 is the default for new events.
+ DyMESH Start Time (sec) — Simulation time at which DyMESH vehicle-vehicle collision detection begins.
« DyMESH Environment Start Time (sec) — Simulation time at which DyMESH vehicle-environment collision detection begins.

¢ Search Option (Automatic / Set Box Size) — Selects the contact search method. Automatic searches the neighbors of the penetrated polygon; Set Box Size uses
the user-entered box size (in) to define the search region around each vertex.

« Force Smoothing (Version 1 and 2 / Version 3 and Later) — Selects how collision forces are averaged between timesteps as DyMESH alternates the primary and

secondary roles (see Chapter 4 — Primary and secondary vehicles). Version 3 and Later is the default; Version 1 and 2 reproduces results from earlier releases.
(updated: earlier descriptions of this dialog listed General and Advanced pages and described Force Smoothing as a mesh smoothing model. The current dialog is a single page, and the setting
smooths the collision force, not the mesh. Settings that earlier releases offered on an Advanced page are fixed in the current release; see the HVE User's Manual, Options Menu, DyMESH.)
Simulation Controls

SIMON uses the current simulation control parameters in the Simulation Controls dialog (see Options Menu, Simulation Controls). The Simulation parameters used
by SIMON are shown in Table 2-8.

NOTE: The output time interval should be an even multiple of the vehicle trajectory integration timestep. For example, if the integration timestep is 0.02, the
output interval might be 5 x 0.02, or 0.10.

Table 2-8 Simulation Control Parameters Used By SIMON.

Parameter Description

Vehicle Trajectory The integration timestep used by the numerical integration routine while no collision is in progress

Integration Timestep

Collision Integration The integration timestep used while any pair of objects in the event is in contact. Collision forces change far more rapidly than trajectory forces, so a shorter
Timestep timestep is used during the collision phase. See Chapter 4, Sprung Mass Impact Model — Collision integration timestep

Output Interval The timestep used to send output results back to HVE

Maximum Simulation Time Maximum length of the run

Min Linear Velocity, Min The linear and angular velocities used to terminate the run (if the linear and angular velocities for all vehicles are simultaneously less than these termination
Angular Velocity velocities, the run terminates)

Get Surface Information Options

SIMON uses a surface-information search to determine on which environment polygon each tire is riding. This search looks below the X, Y coordinates of each tire
contact patch (in the case of the Point Contact Tire-Terrain Model) or in the direction of the radial and sidewall springs (in the case of the Radial Spring and Sidewall
Impact Tire-Terrain Models) to determine the friction and other characteristics of the terrain in the vicinity of the tire.

The default search method is

From Previous Polygon
. This results in fastest execution, but does not work for all environments. Refer to the User's Manual for further information about how the Get Surface Information
options work.

When the Sidewall Impact Tire-Terrain Model is used, the Search Direction Z component may need to be set to a small, positive value, say 0.001, to account for small

rounding errors in the curb geometry.

Executing An Event

To execute a SIMON event, use the Event Controller, shown in Figure 2-4 as a component of the Event Editor, and again in Figure 2-6. The Event Controller's buttons
have the following functions:

Page 22 of 109



HVE — SIMON Engineering Dynamics Company

« Reset — Reinitialize the calculation model for re-execution
« Rewind to Start — Return to the start of the simulation

¢ Reverse — Play the simulation backwards

« Pause — Pause the simulation

o Play — Execute the event or play the simulation forwards

* Advance to End — Advance to the end of the simulation

v||:| IC ¢ 11 » > 5.0000 0.0025
17 )l 1.7000 0.1000

Figure 2-6: Event Controller.

NOTE: If you make any changes to an event (humans, vehicles, environments, or event set-up options), those changes will have no effect unless you press
Reset before pressing Play.

NOTE: Remember to use HVE's Options Menu to choose useful options, such as Key Results, Axes, Velocity Vectors and Skidmarks.
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Chapter 3 — SIMON Program Output

This chapter defines the outputs available from a SIMON event. The reports produced by SIMON are available in the HVE Playback Editor.

Overview
SIMON produces three types of output reports:

¢ Alpha-Numeric Reports — Reports containing text and numeric information, such as vehicle dimensional parameters

« Variable Output Tables — Reports containing tabular simulation results as a function of time

¢ Trajectory Simulations — Viewers containing dynamic, 3-D visual simulations
NOTE: Each of these reports may be printed on the system printer. To print a report, click on the menu bar of the desired output report (the menu bar will
change colors indicating that it is selected), then either choose Print from HVE's Files menu or click on the Print icon in the toolbar. Refer to the HVE User's

Manual for further details.

To view any of these reports, perform the following steps:

—_

. Choose Playback mode. The Playback Editor is displayed.

N

Choose Add New Object. The Report Window Information dialog is displayed, showing a list of all the current events in the case.

w

Select a SIMON event from the Active Events List. Once an event is selected, the Report Type list is displayed, containing all the available reports for the
selected event.

4. Select the desired report in the Report Type list. To open several reports at once, select more than one (Select All selects every report); each opens in its own
Report Window. The available output reports are:

5. Accident History
6. Damage Data

7. Damage Profiles
8. Driver Controls

9. Environment Data
10. Event Data

11. Human Data

12. Messages

13. Program Data

14. Trajectory Simulation
15. Variable Output
16. Vehicle Data

17. If desired, edit the Name. A default name is supplied for the report window. The name is user-editable, and does not affect calculations.

NOTE: Duplicate Report Window names are not allowed. Because HVE truncates the name to 30 characters, you should ensure that two truncated names are
not the same.

1. Click OK to display the report.

Alpha-Numeric Reports

SIMON produces the following alpha-numeric reports:

* Accident History — A table of initial, impact, separation and final positions and velocities

« Damage Data — A table of vehicle collision data, such as delta-V

« Driver Data — A series of tables containing driver input data (steering, brakes, throttle) used by SIMON
« Environment Data — A series of tables containing the environment data used by SIMON

« Event Data — A series of tables containing the event data used by SIMON

¢ Human Data — A series of tables containing the human locations and weights

* Messages — A list of messages produced by the current run

* Program Data — A table containing program control information for the current run

¢ Vehicle Data — A series of tables containing the vehicle data used by SIMON

An example of each of these numeric output reports from SIMON is shown on the following pages.
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Accident History

The Accident History Report displays a table of initial, impact, separation and final positions and velocities for the vehicle. A typical Accident History Report is shown
in Figure 3-1.

4, Accident History-SIMON . Driver

time X Y Heading Vot i v Faw Vel
[sec) [£L] [Et]  (ded) fmph)  (mph)]  (wph) (deg/sec)
-5itart of Simulation-
Ford Taurus 4-Dr 0, oooo -35.0 25.0 0.0 15.0 15.0 0.0 0.0
s BRI A ERE SIE S
Ford Taurus 4-Dr 5.0001 e 39.4 23.8 .2 5.2 -0.0 0.2

Al v

Figure 3-1: Typical Accident History Output Report issued by SIMON.

(updated: the current SIMON Calculation Options dialog includes an Accident History Basis option. Impact and separation rows in the Accident History report may be detected either from

Impact Force or from vehicle Acceleration exceeding a user-set threshold; see Chapter 2, Event Calculation Options.)

Damage Data

The Damage Data Report displays a table containing vehicle collision information, such as delta-V. A typical Damage Data Report is shown in Figure 3-2.

%, Driver Data-SIMON, Driver

Driwver Controls for: Ford Taurus 4-Dr

Jteer Pedal Throttle Trans
Time Angle Time Force Time Position Time Gear
[sec) [dedg) [sec) [1b] [3ec) [%£1007) [3ec) Select
1.0000 0.00 0.5000 0.52 1.5000 0.0a 1.5000 2nd
1.5000 120.00 1.5000 0.00 2.0000 0.30
3.0000 150.00
4.0000 0.0a

A v

Figure 3-2: Typical Damage Data Report issued by SIMON.

(updated: the current Damage Data report also includes CDC(s), collision impulse data — up to 10 impulses per vehicle — and crush depth tables. When the Include Free Space calculation
option is changed, the crush tables switch between "Excl. Free Space" and "Incl. Free Space" measurements; see Chapter 2, Event Calculation Options.)

Driver Data

Individual Driver Control tables for steering, braking, throttle and gear selection used by SIMON in the current event. A typical Driver Controls Output Report is
shown in Figure 3-3.
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2, Driver Data-SIMON. Driver

—————————— DRIVER CONTROL TABLES -—-—------—-

Driwer Controls for: Ford Taurus 4-Dr

Steer Pedal Throttle Trans
Time Angle Time Force Time Pozition Time Gear
[zec) [deg) [zec) [1b}) [zec] [%/100) [zec] Select
1.0000 0.00 0.5000 0.52 1.5000 0.00 1.5000 Znd
1.5000 lz0.00 1.5000 0.00 Z.0000 0.30
3F.0000 150.00
4,0000 0.00

5
e

Figure 3-3: Typical Driver Controls Output Report issued by SIMON.

Environment Data

The Environment Data Output Report consists of two sections of data:

¢ General Environment Data — Environmental parameters used by SIMON including air temperature, pressure and density; wind speed and direction; and
gravity constant

¢ 3-D Environment Terrain Data — Name of and information about the environment geometry file

A typical Environment Data Output Report is shown in Figure 3-4.

4. Environment Data-SIMON. Driver

LI

GENERAL ENVIRONMENT DATL

Anbient Temperature [(Farenheit): &5, 00
Lubhient Pressure (in-Hg): 29,91

iy Density (lb/EL3): 0.0752

Wind 5peed (mph): o, 0o

Winhd Direction (deg): 0. 00

Gravity Constant [ihfsect2): 386.40

G-I ENVIRONMENT TEFRAIN DATL

3-D Geonetry Filename: [ Unkromm )

Mumber of Polygons: z1z
GetiurfaceInfo: From Previous Polygon

Minimum Terrain Elewvation (L£t): 0,00
Maximum Terrain Elevation (£t): -0, &0

e

Figure 3-4: Typical Environment Data Output Report issued by SIMON.
Event Data

The Event Data Output Report lists event-specific data for each vehicle. These data include:

« Payload Information — Mass and location of optional payload
¢ Accelerometer Information — Location of optional accelerometers
¢ Wheel Data — Information regarding optional wheel displacements, brake assembly, and tire blow-outs for each wheel location

A typical Event Data Output Report is shown in Figure 3-5.
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2. Event Data-SIMON. Driver

VEHICLE EVENT DATL

L1 Ix

Event Data for Ford Taurus 4-Dr:

Payload Information: (No Payloads)

Accelerometer Information: (No Accelerometers)

Event Wheel Data, First Axle ———
Theel Displacements: (No Displaced Wheels)
Brake Assemhly Data: (Generic Brakes: No Brake Data)
Tire Blow-outs: (Mo Tire Blow-outs)

Event Wheel Data, Second Axle -—--
Theel Displacements: [(No Displaced Wheels)
Brake Assenbly Data: (Generic Brakes:; No Erake Data)

Tire Blow-outsz: (No Tire Elow-outs)

Figure 3-5: A portion of a typical Event Data Output Report issued by SIMON.

Human Data

A typical Human Data Output Report is shown in Figure 3-6. Human data includes total weight, vehicle-fixed x, y, z location, and seat position for occupants, and
earth-fixed X, Y, Z location for pedestrians.

NOTE: Coordinates are for the pelvis CG.

4, Human Data-SIMON. Driver
-
HUMAN DATA :l
Occupants Vehicle-fixed Coord
® v -4 Weight
Vehicle Name Human Name [in) [in) (i) [1b)
Ford Taurus 4-Dr Male adult Wt: 50 Hes 50 0.00 -1z.00 0.00 173.54

Figure 3-6: Typical Human Data Output Report issued by SIMON.

Messages

A typical Messages Report is shown in Figure 3-7. For a complete listing of messages issued by SIMON, see Chapter 6.

4, Messzages-SIMOM, Driver [x]

“
MESSAGES

Ho Messages

Figure 3-7: Typical Messages Output Report issued by SIMON.
Program Data
The Program Data Report includes the following information:

¢ Simulation Controls — Integration parameters used for the current event (integration method, maximum simulation time, integration timestep, output interval,
linear and angular termination velocities)

¢ Calculation Options — Get Surface Information option, Tire Model Method, Steer Degree of Freedom, Articulation Option, DyMESH Option
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» DyMESH Options — When DyMESH is used, the report lists the DyMESH options in effect (e.g., Restitution Model, Search Option, Pushback Option, Inter-

vehicle Friction, Crush Height For Stiffness)

A typical Program Data Report is shown in Figure 3-8.

[ Program Data-SIMON, Driver

GENERAL PROGRAM

SIMON Version No:

Simunlation Controls ---

Integration Method:

INFORMATION

Fixed Bunge-FKutta

Maximum Simulation Time (sec): S.0000
Integration Timestep (sec): 0.0025
Outpuat Interwal (sec): 0. 1000

Linear Term ¥Wel [(mph): 2.00

Analar Term Vel (deg/sec): 5.00

Calculation Options —-—-—

GetiurfaceInfo: From Prewious Polygon

Tire Model Method: Semi-empirical
Steer Degree O0Of Freedom: nff
Articulation Option: [1}51
DyMEZH Option: 0

Engineering Dynamics Company

TR T

Dy¥MESH Options ---

Bestitution Model: Use Tnloading 5Slope

Search Option: dutomatic

Pushbhack Option: Normal

Inter-wehicle Frictiom: 0.000

Crush Height For Stiffness (in): 30. 000

ki Ay

Figure 3-8: Typical Program Data Output Report issued by SIMON.

Vehicle Data

The Vehicle Data Report includes the following information:

¢ Vehicle General Information — Includes make, model, year, body style, basic vehicle configuration, and specific EDC vehicle version number
« Sprung Mass Dimensional and Inertial Properties — The dimensional and inertial parameters used by SIMON in the current event.

« Connection Properties — The connection parameters used by SIMON in the current event.

¢ Aerodynamic Properties — Sprung mass aerodynamic parameters used by SIMON in the current event.

» Brake, Steering, and Drivetrain Properties — Brake, steering, and drivetrain parameters (including engine, transmission and differential) used by SIMON in
the current event.

¢ Tire and Wheel Properties — The tire and wheel parameters used by SIMON in the current event

« Suspension Properties — The suspension parameters used by SIMON in the current event.

A portion of a typical Vehicle Data Output Report is shown in Figure 3-9.
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2. Wehicle Data-SIMON. Driver

VEHICLE DATA

E3
£
b |

General Information --—-

Wehicle Name: Ford Taurus 4-Dr
Vehicle Type: Passenger Car
Vehicle Make: Ford
Wehicle Model: Taurus
¥ehicle Year: 15595-13599
Vehicle Body Ztyle: 4-Door
Veraion No: ¥ Z2.00 (RCHS §Revisgion: 2.2

Huwber of &xles: &

Driver Location: Lefr 3ide

Engine Location: Front Engine
Driwve Awlef(s): ixle 1

Sprung Mass Dimensiohal Data ---

Owerall Length (in): el ]
Owerall Width (in): 73.10
Owerall Height (in): 55l
Ground Clearance (in): 11.42
Theelbase (in): 105.50

CG to Front &xle [(in): 356.19
CG to Back &xle (in): -70.31
Front Overhang (in): 42,31
Rear Overhang (in): 46,69

Sprung Mass Inertial Data --—-

Total Weight (lb): 3400, 32

Sprung Weight (lh): 3421.87

Sprung Mass (lb-sec*2/in): 8.86

Sprog Mass Rot Inertia [lb-sec*Z-in) - Roll: 29580.67
Pitch: Z0904.17

Taw: 23530.67

¥I Product: 0.00

Sprung Mass Aerodynamic Parameters ---

Surface Name: Front
Drag Coefficient: 0.3200
Proj. Surface Area (in*2): 2878.30
Center of Pressure (in)] - X: 50.50
Vi 0.00

Z: 0.00 X

Figure 3-9: A portion of a typical Vehicle Data Output Report issued by SIMON.

Graphic Reports

SIMON produces no Graphic Output Reports.

NOTE: Graphs of simulation results vs time may be produced using the Variable Output window (see next section).

Variable Output Table

SIMON produces a Variable Output table containing the time-based simulation results. The Variable Output groups produced by SIMON are as follows:

Vehicle Output Groups

« Kinematics — Position, velocity and acceleration for the vehicle

« Kinetics — Summation of tire, drag and collision forces and moments acting at the CG of each vehicle

» Accelerometers — Linear accelerations at user-specified locations

« Tires — The tire output parameters existing at the tire contact patch (compare with Wheel Output, below)
o Wheels — The wheel output parameters existing at the wheel's hub (compare with Tire output, above)

« Connections — Articulation angles and inter-vehicle connection forces

¢ Drivetrain — Engine and transmission parameters used by SIMON

« Driver — Current levels of driver inputs (steering, braking and throttle)

An example of a Variable Output table is shown in Figure 3-10. Detailed listings of each Variable Output parameter produced by SIMON are found in Tables 3-1, 3-2,
and 3-3. For more information about HVE Variable Output parameters, refer to the HVE User's Manual, Chapter 16, Event Model.
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4. Vanable Dutput-SIMOM. Driver

= Ford Taumg 4- Ford Taurus 4- Ford T aunug 4- Ford T aurus 4- Ford Taurus 4- Ford Taung 4- Ford T aurus 4- Ford Taunug 4- Ford Taurug 4- j
ime

[zec) S s z Raoll Pitch aw Y-tat Sidezlip Acc-tot

Ift) (] () [deg] (d=g) (deg) [mph] (deg) ]

0.0000 -35.00 25.00 20 1.19 n.o0 0.o0 15.00 0.o0 n.oz2

0.0333 -34.27 25.00 20 1.20 -0.05 -0.00 14.93 0.03 0.0s

00667 -33.58 25.00 -2.00 1.1 -0.10 -0.00 14.85 0.07 0.0s

0.1000 -32.82 25.00 -1.99 1.22 015 -0.00 14.78 010 011

0.1333 -32.10 2500 -1.98 1.23 -0.26 0.o0 14.68 01z 013

01667 -31.39 2501 -1.97 1.25 -0.38 0.oa 14.57 013 015

0.2000 -30.67 250 -1.95 1.26 -0.49 0.o0 14.47 015 INE:]

0.2333 -29.97 25.m -1.95 1.27 -0.69 0.o0 14.31 015 0.1

0.2667 -29.28 250 -1.94 1.28 -0.69 0.0 14.15 016 023

0.3000 -28.58 250 -1.93 1.30 079 0.0 14.00 016 0.26

0.3333 -27.91 25 -1.92 1.31 -0.86 0.0 1378 016 n.za

0.3667 -27.24 2502 -1.92 1.32 -0.93 0.0 1357 017 0.31

0.4000 -26.57 2502 -1.91 1.33 -0.99 n.oz 1335 017 0.34

0.4333 -25.94 2502 -1.91 1.35 -1.05 0.0z 1308 017 0.36

04667 -25.31 2502 -1.91 1.37 -1.10 0.03 1281 01a 0.3a

0.5000 -24 67 2503 -1.91 1.38 -1.15 0.03 1255 n1a 0.41

0.5333 -24.08 2503 -1.92 1.33 -1.19 0.04 12.26 017 0.40

0.5667 -23.49 2503 -1.92 1.40 -1.23 0.04 11.97 017 033

0.6000 -22.90 25.03 -1.92 1.41 1.27 0.05 11.69 018 037

0.6333 -22.34 2503 -1.92 1.41 -1.29 0.05 11.43 015 0.36

0.6EE7 -21.79 25.04 -1.93 1.40 1.3 0.08 1117 014 0.35

0.7000 -21.24 25.04 -1.93 1.40 -1.33 0.ov7 10.91 014 0.34

0.7333 -20.72 25.04 -1.93 1.40 -1.32 0.07 10.68 013 0.3z

0.76E67 -20.21 25.04 -1.93 1.40 1.3 0.08 10,46 013 0.30 X
||| ol

Figure 3-10: Typical Variable Output Table from SIMON.

Table 3-1 General Vehicle Variable Output Table

Parameter Description

Vehicle Kinematic X, Y, Z position of CG; @, ©, ¥ orientation; v (Course Angle); Total linear velocity; u, v, w components; Sideslip angle; p, q, r angular velocities; Total linear accel;

Data forward, lat, vert components; u-dot, v-dot, w-dot linear components; p-dot, g-dot, r-dot angular accelerations
Vehicle Kinetic Fy, Fy , F, Suspension; M , My , M, Suspension; F, Fy, F, Impact; My, My , M, Impact; Fy, Fy, F, Aerodynamic; M, My, M,
Data Aerodynamic; F Fy , F, Connection; M, , My , M, Connection

Accelerometer Data | Total linear accel; forward, lat, vert components for each accelerometer

Damage Data * Vertex is changed (Flag); Vertex ID; x, y, z vertex coordinates; F' , Fy , F, vertex force components

* Not selectable by user.

Table 3-2 Vehicle Component Variable Output Table

Parameter = Description

Tire Data X, Y, Z position of tire contact patch; F’X s F’y s FVZ ; Tire radius, Tire Deflection; Longitudinal slip; Slip angle; Inclination angle; Skid flag; Friction multiplier; u, , Uy, U,
(unit vector for surface normal); Soil Constants N, Kphi, Kc (Soft Soil Tire-Terrain Model); Fx s F'y Flow Force (Soft Soil Model); Fx Sidewall, Fy Sidewall, Fz Sidewall;
Water Depth, Macrotexture, Mu Mult (water) (hydroplaning models)

Wheel Data | X, y, z location of each wheel center; Axle z deflection from equilibrium (solid axle); Axle roll (solid axle); Vehicle-fixed wheel camber; Wheel spin displacement; Steer angle
(6) at each steerable wheel; Axle z-dot deflection rate (solid axle); Axle roll rate (solid axle); Vehicle-fixed wheel camber rate; Wheel spin velocity; Steer velocity at each
steerable wheel; Axle z-dot-dot deflection acceleration (solid axle); Axle roll acceleration (solid axle); Wheel spin acceleration; Steer acceleration at each steerable wheel
(steer DOF only); F,, F v F , (wheel); Steer axis moment at each steerable wheel (steer DOF only); Spring deflection; Spring deflection rate; Total suspension force;
Individual spring and damper suspension forces; Drive, brake torque; Auxiliary stiffness from sway bar; Brake stroke, pressure; Brake interface, drum, lining temperature

Connection ®, O, ¥ articulation; F, Fy ,F,; M, My , M,
Data

Drivetrain Engine speed; Engine power; Engine torque; Transmission ratio; Differential ratio
Data

(updated: when a hydroplaning model is active, the Water Depth, Macrotexture and water friction-multiplier tire tracks are populated. The Rolling Resist Mult, Fx' (water) and Fy' (water) tracks

Table 3-3 Vehicle Driver Variable Output Table
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Parameter Description
Driver Data (for "At Driver" Driver Table options only) Throttle position; Brake pedal; Brake system; Transmission, differential gear; Steer angle (all options)
Driver Data (for HVE Driver Model) Steering Wheel Angular Velocity; CG Path Error; Preview Distance; Path error at preview distance; X, Y at preview distance

Trajectory Simulations

SIMON produces a trajectory simulation and a damage profile (if a vehicle collision has been simulated using DyMESH) of the current event. The trajectory
simulation is a 3-D visualization of the data displayed in the Variable Output table (see previous section). An example of a trajectory simulation is shown in Figure 3-
11. The damage profile is a time-domain 3-D visualization of the deformation of the vehicle mesh calculated by DyMESH during the vehicle collision.

&
2
o
Lol

& <¢

Rotx Roty | IITTT T Zoom <] _| | 270 Dolly

Figure 3-11: Typical Trajectory Simulation Report issued by SIMON.

Displaying a Trajectory Simulation

The Trajectory Simulation is controlled using the Playback Controller (Figure 3-12).

~]O0 K < 11 > > 50100 0.0200
25

J 2.5000 0.0333

Figure 3-12: Playback Controller.

The Playback Controller's buttons have the following functions:

« Reset — Returns to the start of the simulation and reinitializes the video output device (this applies a hardware reset and is otherwise the same as the Rewind to
Start button, below).

¢ Rewind to Start — Return to the start of the simulation

* Reverse — Play the simulation backwards

¢ Pause — Pause the simulation

« Play — Execute the event or play the simulation forwards

« Advance to End — Advance to the end of the simulation

NOTE: The Playback Controller also includes additional features used for creating video. Refer to the HVE User's Manual, Playback Editor and Video Output
sections, for further details.
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Displaying a Damage Profile

You must have a Trajectory Simulation open in order to play the Damage Profile and, thus, view the vehicle damage. With both the Damage Profile and Trajectory
Simulation viewers open, the Damage Profile viewer is controlled with the Playback Controller. In fact, you will notice the Trajectory Simulation playing at the same
time.
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Chapter 4 — Calculation Method

Basis For Analysis

SIMON is a dynamic simulation analysis of one or more vehicles. SIMON is a simulation model incorporating a general purpose 3-D dynamics engine developed by
Engineering Dynamics Company, LLC. SIMON includes a sprung mass with six degrees of freedom (X, y, z, roll, pitch, yaw) and unsprung masses with three degrees
of freedom per axle (axle roll, z and steer for solid axle suspensions; axle steer and right and left wheel z for independent suspensions).

The vehicle model includes the following basic components for each vehicle unit:

« Sprung mass

¢ Up to three axles (full trailers may have up to six axles)
¢ Independent or solid axle suspension for each axle
¢ Single or dual tires at each wheel location

¢ Front and rear inter-vehicle connections

« Exterior geometry

¢ Aerodynamic surface(s)

« Payload(s)

¢ Human occupant(s)

« Steering system

¢ Braking system

¢ Drivetrain
The basic vehicle model is shown in Figure 4-1.

I ¥l VEHICLE MF&% Fi

x Rear

z — .
Mz e TRear Connection Fb‘ Connection

"/@/F :
T 'x \
o
Front “‘D\ Foayioan /j, i
m, I,

Connectio

- I, Sprung Mass I, Payload
T ' Y
Center TRol center . “1g ", x
By Kr_ . 98¢
WE ‘ EARTH
AX|B (m’ Ix)nxle
Ispin
= T m, I
ZM"= rsl]sp Wheel seer | Wheel X
camber z

Figure 4-1: SIMON Vehicle Model.

Equations of Motion
The system of equations requires three coordinate systems:

o Inertial reference system — This is the earth-fixed coordinate system defined by an orthogonal (right-handed) X, Y, Z coordinate axis system. The Z-axis is
parallel to the gravity vector, hence it is pointed downward. The X and Y directions are arbitrary (within the requirement of orthogonality).
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« Vehicle reference system — This is the vehicle-fixed coordinate system defined by an orthogonal (right-handed) x, y, z coordinate system attached to the sprung
mass. Its origin is coincident with the sprung mass center of gravity (CG). The x-axis defines the forward vehicle direction, the y-axis points to the vehicle's right
side and the z-axis points towards the bottom of the vehicle.

¢ Tire reference system — This is the tire-fixed coordinate system defined by an orthogonal, right-handed coordinate system fixed to the tire. It has as its origin
the perpendicular intersection between the tire plane, the road plane (i.e., terrain) and a plane through the wheel center. The x'-axis lies in the road plane and

points in the tire-fixed forward direction, the y'-axis points to the right and the z'-axis is a radial vector in the tire plane normal to the road plane.
These coordinate systems follow SAE Recommended Practice J-670e [5].

The equations that govern the general, non-linear, unsteady motion of the vehicle sprung mass are based on Euler's equations of motion written with respect to the
(moving) vehicle reference system. The choice of the moving reference frame greatly simplifies the calculation of external forces and avoids the appearance of the
moments and products of inertia in the equations of motion. The derivation for these equations may be found in reference 6. Much of the following development may

also be found in reference 9 of this manual.
The equations of motion take the general form:
YFy=mu+wq-vr)
YFy,=m@+ur-wp)
LF;=mW+vp-uq)
XMy :Lx +qL, 7rLy
YM,=L,+rL,-pL,
M, =L, JrpLy -qLy

where
Symbol Definition
u,v,w vehicle-fixed components of linear velocity
p.q, 7 vehicle-fixed components of angular velocity
F.F,F, vehicle-fixed components of external forces
M, M v M, vehicle-fixed components of external moments
L.,LyL, vehicle-fixed components of angular momentum

Assuming symmetry in the xy and yz planes, the xy and yz products of inertia are zero. However, symmetry is not assumed in the xz plane, so Iy, is included in the
angular equations, thus

Mx :pr_Ixzr"_qr(Iy _IZ)_quXZ

M, =1,q4-(@*-p)I,,-rpd,-1,)

M, = sz_Ixzp_pQ(Ix _Iy)+qr1xz

Sprung Mass

In the derivation that follows, the Euler equations of motion include the inertial coupling effects of the unsprung masses. When combined with the other applied

external forces acting on the sprung mass,

Y Frotal = ZFSuspension + 2 Fconnection * 2 F coitision + ZFAerodynamic + Y Fpuise + ZFUnsprungMass (Eq. 3)

where
Term Definition
Y F Suspension Vehicle-fixed components of suspension forces. This term also carries the tire shear forces reaching the sprung mass through the suspension, the tire sidewall contact
forces produced by the Sidewall Impact Tire-Terrain Model, and the collision forces acting on any wheel carrying its own collision mesh
Y FCDnneCtion Vehicle-fixed components of connection forces
Y FCOIIision Vehicle-fixed components of collision forces
Y F perod ynamic Vehicle-fixed components of aerodynamic forces
Y F Pulse Vehicle-fixed components of forces from a user-entered collision pulse table (see Collision Pulse Table, below)

Y F Unsprung Mass Vehicle-fixed components of inertial forces from unsprung masses (described in the next section)

(updated: earlier editions omitted the collision pulse table forces, and did not state what the suspension term contains.)

In the vehicle-fixed x-direction, each unsprung mass is assumed to act as a point mass. Thus, Newton's 2nd law yields

mSprung (Ll -ur+ WQ) + (mSprung +2 mUnsprung)gSine =X ij-om, (ECL 4)

Page 34 of 109



HVE — SIMON Engineering Dynamics Company

where
Symbol Definition
Msprung Sprung mass
Y. Mynsprung Total unsprung mass (axles + wheels)
g Gravitational constant
2] Vehicle-fixed pitch angle

In the vehicle-fixed y-direction, Newton's 2nd law yields

Mprung (U +UT = WD) = (M prung + £ Munsprung)gcosBsing = TF,  (Eq.5)
where ¢ = vehicle-fixed roll angle.
In the vehicle-fixed z-direction, Newton's 2nd law yields
Msprung(W + VP =~ UQ) ~ Msprung geosbeosp = X F, . (Eq.6)

Rotational motion is handled in a similar manner. The external forces acting on the sprung mass are

Z MTotaZ = Z MSuspension + Z MConnection + Z MCoIIision + Z MAerodynamic + Z MPulse + Z MUnsprung Mass (ECI~ 7)

where the external moments from suspensions, connections, and so forth, are defined in the vehicle-fixed axis system, and each force term of Eq. 3 contributes a
moment about the sprung mass CG through its point of application. As in Eq. 3, the suspension moment term also carries the tire, tire sidewall and wheel collision
contributions.

The following equation defines roll motion about the vehicle-fixed x-axis:

I.p- Ixzf - qr(Iy - Iz) - quxz (X mZ)Unsprung gcosfsing = ¥ MXTomt (Eq. 8)

For pitch rotation about the vehicle-fixed y-axis, the equation is

Iyq- @ -p)I, ~rpd, - I,)+(Em2) gsin@=3M, ~—  (Eq.9)

Unsprung al

For motion about the vehicle-fixed z-axis, the equation is

I+ ZIzUnspmng W =I,p-pqUy _Iy)+qr1xz +(Xmx) gsinf = ZMZTm,aI (Eq. 10)

g gcosBsing — (Y my)

Unsprun Unsprung

where X, y = vehicle-fixed components for location of unsprung mass CGs (refer to the next section for more information regarding the exact definitions for x, y
coordinate locations).

Unsprung Mass

Calculation of the motion of the sprung mass requires the contributions of the inertial coupling of the unsprung masses in the vehicle-fixed x- and y-directions; thus,
the calculation of the vehicle-fixed components of acceleration of the unsprung masses is necessary. Assuming the unsprung masses are point masses moving with

respect to the (moving) vehicle, the vehicle-fixed accelerations for an unsprung mass are
ay =U-vr+wq+x+2qz-2ry-x(q’ +r’)+y(pq-r)+z(pr+q)  (Eq.11)

a,=v+ur-wp+y+2rx-2pz+x(pq+r)-y(E>+r*)+z(qr-p) (Eq.12)

y

where X, y, 2 = vehicle-fixed components for location of unsprung mass CGs.
NOTE: The acceleration in the z-direction is not required because the unsprung masses are not directly coupled in the z-direction.

The constraints placed on the motion of the unsprung masses by the connections between the sprung and unsprung masses are such that there is no relative motion
between the unsprung and sprung masses in the vehicle-fixed x-direction. Thus, X = 0. Therefore, in Newton's 2nd law form, the inertial coupling forces for unsprung
mass i may be rewritten as

Fy =miay, =m;(U-vr+wq+2z; +2ry, - x;(q° +r’)+ y,(pq+1)+z;(pr+q)  (Eq.13)
and
F, =mja, =m(U+ur-wp-2pz; +x;(pq+r)-y,(p* +r*)+2;(qr-p))  (Eq.14)

The unsprung mass positions and their derivatives appear in the above inertial coupling equations. Thus, the vehicle-fixed positions, velocities and accelerations for
the unsprung masses are required. These kinematics are different for independent and solid axle suspension types.
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Independent Suspensions

An independent suspension includes two degrees of freedom that are inertially coupled to the sprung mass: the vertical motion (vehicle-fixed z-direction) for each
wheel (see Figure 4-2). Wheel lateral velocity is considered negligible, thus, the 21y term vanishes from Eq. 13. The wheel x-coordinate relative to the vehicle center

of gravity is equal to the user-assigned wheel coordinate, possibly modified by occupants and payloads and event-related wheel x-displacement. Thus,

XWwheel = XInitial © AXPayload + AxOccupants + AXDispI (Eq‘ 15)

Sprung Mass

+Z
Figure 4-2: Degrees of freedom for an independent suspension. Dynamic motion of each wheel is defined in the vehicle-fixed z-direction (spin and steer angular dynamic motion may also be
defined as an option; see Wheel Spin and Steering System sections).

The wheel y-coordinate is defined by the user-assigned wheel y-coordinate, possibly modified by occupants and payloads and event-related wheel displacement. In
addition, the wheel lateral location changes for an independent suspension due to the effects of the half-track change during wheel jounce and rebound. Thus,

dy
— w
yWheeI - yInitiaI + AyPayload * AyOccupants + AyDispI * dz (Eq' 16)

d
where A = half-track change interpolated from the user-entered Half-track vs. Jounce/Rebound table.

dz

The wheel z-coordinate is initially defined by the user-assigned z-coordinate, again, possibly modified by payloads, occupants and event-related displacement.
However, the z-wheel position is a degree of freedom, thus the current wheel position is governed by its equation of motion in the z-direction. Thus,

Zwheel = ZInitial + AZPayload + AZOccupants + AZDispl + GZWheel (Eq' 17)
where 6 2y heer = current wheel z-displacement from initial (equilibrium) position.
Newton's 2nd law applied to the equation for vertical wheel motion results in
>F

— 2 2
ZUnsprung FzTi,e = F suspension ¥ Munsprung(Uq —VP + gcosOcosd — Xwheer PT" ~ Vwheet 47+ Zwheel (D™ +T7)) (Eq. 18)

Solid Axle Suspensions

A solid axle suspension also includes two degrees of freedom inertially coupled to the sprung mass: axle vertical motion (vehicle-fixed z-direction) and axle roll about
the roll center (see Figure 4-3).

Unlike independent suspensions, for solid axle suspensions the equations of motion describe the motion of the solid axle roll center, not the individual wheels.
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Figure 4-3: Degrees of freedom for a solid axle suspension.
The vehicle-fixed x-coordinate of the unsprung mass is equal to the average of the current wheel x-coordinates (see Eq. 15).
The unsprung mass y- and z-coordinates have the following kinematic relationships (refer to Figure 4-3):
y = - psing (Eq. 19)
V= -ppcosp  (Eq.20)

. .2 .
V= p(¢ sing - gcos¢)  (Eq.21)
Z = Zstatic + O axie + PCOSP (Eq. 22)
2 =06 4,0 — PPcos (Eq. 23)

7= ban10 — p($ cosp+ Psing)  (Eq. 24)

where
Symbol Definition
P Fixed distance from roll center to sprung mass (downward +)
[} Vehicle-fixed axle roll angle
ZStatic Initial distance from the vehicle CG to the roll center
6 axie Current vertical deflection of roll center from initial (equilibrium) position

Newton's 2nd law applied to axle vertical motion is

.2 .
z FZUnsprung = FZTire B FZSuspensx‘on + mUnsPrung (ug-vp+ gCOSQCOS¢ + p¢ + 2pp¢ ~ Xaxie PT + p¢qr +(p+ Z Axle )(pz + qz)) (Eq. 25)

For solid axle roll-axis rotation, application of Newton's 2nd law yields
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*M = Md’-p,re B Md’suspension

TMynsprung pur-wp-2pz + prd)d) * Xaxie PG+ pd)(pz + rz)
+ (p + ZAxIe)qr - gCOSOSiH((ﬁSPng + d)Axle))
+rnUnsprung p¢(Vp -uq- 2pp¢ T Xaxie PT — (p + ZA)(Ie)(p2 + qz))
~Taxie.p 9T° = @)= I axie.p AT

Punsprung

Wheel Spin

Calculation of wheel spin velocity, €2, requires the wheel spin acceleration, Q. Spin acceleration arises from drive and brake torques and from tire rolling resistance,
as shown in the free-body diagram in Figure 4-4 (for purposes of clarification, only torque-producing forces are shown in the figure).

For driven axles, the model is complicated by the introduction of the coupling effect of the differential and from the introduction of drivetrain rotational inertia. The
differential equation for the spin degree of freedom at each wheel includes these effects:

Ip. A Iy A
Drivetrain Drivetrain o ) )
Uwheel,re + —£f-4 = )adeWheel,Rt + (—ﬁf-4 L )E‘]ijWheel,Lt [-F 1+ Mpgojing + T + (ETd)]Right Tires (Eq. 27)

ID‘:‘UZ- ID‘:"]24
_Zrivetrain 1piffy d_ _frivetrain 'piffy d. =[-F . .
(wheel, 1t + ———t D )thWheel,Lt - (—= m4m = )c(ijt Qwheet,rt == F T+ Mpgoping + T + (T g)]

3 (Eq. 28)

Left Tires

I drivetrain

Figure 4-4: Wheel spin degree of freedom moments and forces.

Collecting the applied moments at each wheel as
M=Tg4+Tp+Mconision =~ F, T+ MRgoing  (Eq. 28a)
Eqs. 27 and 28 form a pair of simultaneous equations in the two spin accelerations, whose exact solution is

MpRe Iwneer,1e * (Mpe = M)A

Qwheet, Rt = Iwnheel, Rt Iwheel, Lt * Al wheel, Rt + Iwheel, Lt) (Ea- 29)
and
Ownont 1t = Mrt Iwheet,rt * (M 1y — Mpe)A (Eq. 30)
' Iwheel, Rt Iwneer, .t * Al wheel, Rt + Iwheel, Lt)
where

2
_ IDrivetrain UD,-ff

A 7

For a non-driven axle, I piyetrain 1S zero, A vanishes, and Egs. 29 and 30 reduce to £ = M / Iy peer at each wheel independently.
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(updated: earlier editions solved Eqs. 27 and 28 using a pair of "wheel inertial factors", &. That method was replaced by the direct solution given above, and the factors are no longer used. The
moment term also now includes the collision moment, M ¢ ,1ision » which is the wheel spin moment produced by the 3-D mesh collision model when a wheel is being contacted; it is zero

otherwise.)
Once Q is determined for each wheel, the wheel spin velocity is integrated directly:
Q=Qprey + J-Q dt (Eq. 31)

In the preceding development,

Symbol Definition

Q Wheel spin velocity

Qprey Wheel spin velocity during previous integration timestep

T4 Wheel drive torque =T, x Nrrans “Mpips > C (Eq.32)

Te Engine torque (see Eq. 51)

Nt rans Transmission ratio

Mpifs Differential ratio

4 Torque split (fraction of engine torque applied to specified wheel)

F. Tire circumferential force

r Tire effective rolling radius

MRO”ing Tire rolling resistance moment

Iwheel Total wheel spin inertia: tire + rim (%2 if dual tires) + axle + any spinning portion of brake
Iprivetrain Total rotational inertia of drivetrain components: engine + transmission + driveline

M collision Wheel spin moment from the 3-D mesh collision model (zero unless the wheel is being contacted)
T, Applied brake torque at wheel (see Brake Torque)

The spin velocity of Eq. 31 is advanced with a first-order update at each tire force timestep rather than by the vehicle's main integrator.

NOTE: In the calculation of wheel drive torque, T'; (above), { is the "torque function" that determines how the drive torque is distributed between the drive
wheels. By default, SIMON splits the drive torque equally between all drive wheels; if the vehicle is equipped with traction control the split is redistributed
between the wheels. See Drive Torque — Torque split (Eq. 51g).

Steering System

The steering system includes the steering gear ratio (steer angle at the steering wheel divided by the steer angle at the axle). This ratio is used when the At Steering
Wheel steer table option is selected.

SIMON also incorporates a Steer Degree of Freedom model. The Steer Degree of Freedom model is activated by selecting the appropriate option in SIMON's

Calculation Options dialog.
(updated: the current Calculation Options dialog offers four Steer DOF settings — Off, Normal, Append and AutoStart; see Chapter 2.)

The engineering model used by the Steer Degree of Freedom option is shown in Figure 4-5. The linkage is assumed to be rigid, thus the angular acceleration about the
steering axis is the same for right-side and left-side wheels. External steer forces are generated at the tire-road interface, thus producing moments about the steering

axis. The moments are resisted by steer system inertia and internal coulomb friction. Steering is limited by right and left steering stops at each wheel.
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Application of Newton's 2nd law to the steering system, ignoring inertial coupling effects, results in

where

Symbol
z MS[eering
ISteering

5Steer

Left Wheel
(same parameters
as Right Wheel)

a e 8sluurlru; wheel

It:nlumn

T] steering gear

l-L steering column

Engineering Dynamics Company

Right Wheel

L steer axis

Figure 4-5: Steering system model used for Steer Degree of Freedom option.

Z MSteering = ISteering 6Steer

Definition
Sum of external moments acting on steering system components

Total rotational inertia of steering system components

(Eq. 33)

Steer angle of each steerable wheel about its steering axis (thus, 6 ;e is the angular acceleration)

The sum of external moments, taken over both wheels of the axle, is

% MSteering =
where

Term

MStops

MSteer Axis Friction
MPrecession
MTires

MSidewalI

MCDIIision

MSteering Column Friction

S%“es (MStops + MSteer' Axis Friction T MPrecession + MTires + MSidewaII + MCoIIision) + MSteering Column Friction
1

Definition

Moments about wheel steer axis produced by contact with steering stops

(Eq. 34)

Moments about wheel steer axis produced by coulomb friction in the steering ball joints or king pin

Gyroscopic precession moment produced by the spinning wheel

Moments about the wheel steer axis produced by the tire forces acting through the trail and scrub radius at the tire-ground shear interface (contact patch)

Moment about the wheel steer axis produced by tire sidewall contact, when the Sidewall Impact Tire-Terrain Model is in use

Moment about the wheel steer axis produced by the 3-D mesh collision model when the wheel is being contacted

Moment produced by coulomb friction between the steering shaft and its bushings or bearings, applied once for the axle

(updated: earlier editions listed only the stop, steer axis friction, steering column friction and tire terms. The gyroscopic precession, sidewall and collision moments are also part of the sum.)

Steer angle from the driver

While the Steer Degree of Freedom is not controlling the wheels, the steer angle at each wheel comes from the driver's steer table. For the At Axle option, each wheel
takes its own table entry directly. For the At Steering Wheel option, the table entry is a steering wheel angle, and the wheel angle is

5:55W

. (Eq. 33a)
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where 1] is the axle's steering gear ratio. Both wheels of the axle receive the same angle unless Use Ackermann Steering is selected in Driver Controls, in which case
the front axle's wheel angles are spread so that the two wheels point at a common turn center:

tan®

6; = arctan(ﬁ (Eq. 33b)
1- i1

where Y. is the vehicle-fixed lateral coordinate of the wheel and L is the wheelbase. For a three-axle vehicle the wheelbase is measured from the front axle to the
midpoint of the rear tandem. If the denominator becomes too small to evaluate — which happens only at steer angles well beyond any physical steering stop — the
wheel angles are left unchanged for that timestep.

Ackermann steering applies to the front axle only, and only with the At Steering Wheel option.
(updated: Ackermann steering was not described in earlier editions.)
When the HVE Driver Model is following a path, it supplies the steer angle and steer velocity directly, overriding the steer table. Following a collision the driver
model releases control and the steer table resumes.
Steer Degree of Freedom modes

The Steer DOF setting determines when the wheels stop following the driver's steer table and begin responding to the tire forces:

Setting Behavior

Off The wheels follow the steer table for the whole event.

Normal The steer table is not used at all; the wheels respond to tire forces from the start of the event.

Append The wheels follow the steer table until the time of its last entry, then respond to tire forces for the remainder of the event.
AutoStart The wheels follow the steer table until the vehicle is involved in a collision, then respond to tire forces.

When AutoStart triggers, each steerable wheel's steer angle is set to the angle it had at that instant, its steer velocity is set to zero, and the numerical integration is
reinitialized so the new state is carried forward smoothly. Both vehicles in the collision start together.

While the Steer Degree of Freedom is controlling the wheels, the steering wheel angle and velocity reported in the output are the average of the two wheel values
multiplied by the steering gear ratio.

(updated: this subsection describes behavior not documented in earlier editions.)

Steering Stop Torque

Steer angles are limited by steering stops at the right- and left-side wheels. Each wheel's steering stops limit the steer angle for both right and left steering inputs; the
right-steer and left-steer stop angles need not be equal.

NOTE: For example, it is possible during a left turn for the stop at the left-side wheel to engage before the stop for the right-side wheel.
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Steer Axis Torque
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Figure 4-6: Steer axis friction and stop torque vs. steer angle.
A stop resists further travel only while the wheel is still turning deeper into it. The steering stop torque at each stop is therefore
Mg,,, ={ _KStop (bsteer = 6Stop); [6steer|> |6Stop| and sgn Gspeer = 58N Osteer (Eq. 35)
op . :
[6pt]O0, otherwise

where K g;,, p is the mechanical stiffness and 6 g;,, p the travel limit of the stop being engaged. Each wheel has a stop for each steer direction, so four stop angles and
four stiffnesses apply to a steerable axle; the stop selected is the one for the wheel and the direction of the current steer angle. The general characteristic for steer axis
torque is shown in Figure 4-6.

(updated: earlier editions gave the stop torque as a positive multiple of the overtravel. The torque opposes the overtravel, and it is released as soon as the wheel begins to turn back out of the
stop, regardless of how far into the stop it still is.)
Steer Axis Torque

Torque is also produced by steering rotation of the wheel about its steer axis. However, no torque is produced unless the steer velocity is non-zero. Thus, a minimum
value of steer velocity is required to develop the assigned frictional torque. This minimum steer velocity is called a friction null band. The friction opposes the steer

velocity:
6Steer s
— —H is Cwro1’ |6Steer| < EWheel
Msieer axis =1 Steer Axis SWhE?I ] (Eq. 36)
[10pt] - pSteer Axis sgn 5Steer’ |6Steer| 2 Ewheel
where
Symbol Definition
Hgioor axis Steer axis friction torque for each wheel
EWheel Steering friction null band, referred to the wheel (Eq. 36a)

The friction null band is entered as a steering column velocity, while the equations of motion work at the wheel, so it is converted before use:
=£ Eq. 36
EWheel 7 (Eg. 36a)

where € is the null band as entered and 1) is the steering gear ratio. The right and left wheels may have different steer axis friction values, but they share the same steer
velocity and therefore the same null band ratio.

(updated: earlier editions gave the steer axis friction with the sign of the steer velocity rather than opposing it, and did not describe the conversion of the null band from the steering column to
the wheel.)
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Steering Column Torque

The steering column and steering gear introduce additional friction torque. Like steer axis torque, described above, there is no steering column frictional torque unless
the steer velocity is non-zero. Because the column turns faster than the wheels by the steering gear ratio, the column friction torque is multiplied by that ratio when it
is referred to the wheel steer axis:

6Steer

“Bsteering cotumn 1 Eyhoer |6steer| < Ewheel
MSteering Column = { eering Lofumn Wheel (Eq. 37)

[10pt] - Hsteering Column 1580 Osteers |Osteer! 2 Ewneel
where

Symbol Definition
lJSteering Column Steering column frictional torque

n Steering gear ratio (column angle : wheel angle)

Unlike the steer axis friction, which acts at each wheel, the steering column friction is applied once for the axle.

(updated: earlier editions omitted the steering gear ratio that refers the column friction torque to the wheel steer axis, and gave the null band comparison in inconsistent units.)

Gyroscopic Precession Torque

A spinning wheel resists being tilted. When the vehicle rolls, or when the wheel's inclination angle changes as the suspension deflects, the wheel's spin momentum

produces a moment about the steer axis:

MPrecession = ISpin Q(p + P)COSGSteer (Eq 373)

where
Symbol Definition
Ispin Wheel spin inertia
Q Wheel spin velocity
P Vehicle roll velocity
y Rate of change of the wheel's vehicle-fixed inclination angle

The cos6 g e, term projects the moment onto the steer axis. This torque is what produces the steering disturbance felt when a wheel is loaded or unloaded during a

rapid maneuver.

(updated: the gyroscopic precession torque was not documented in earlier editions.)

Tire-Ground Torque

Forces at the tire-ground shear interface are the external input to the steering system. Because these forces do not act through the steer axis at its intersection with the
ground plane (see Figure 4-7), an external moment is produced.
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Figure 4-7: Close-up view of torque-producing mechanism at tire-ground shear interface.

The tire force acts at the contact patch, which is offset from the steer axis both fore-and-aft (by the trail) and laterally (by the scrub radius). The external moment
produced at each tire is

MTire:FyEy—FXBX+FZBZ (Eq. 38)
with moment arms
¢, =1, +Tsinbg + Rgcosbg (Eq. 38a)

2y =1y +Tcosbg + RgsinbgcosOy (Eq. 38b)

2, =(ry + Tcosbg + Rgsinbg)siny  (Eq. 38c)
The total trail, T, is the pneumatic trail less the mechanical trail, and the mechanical trail follows from the caster angle:

T=Tp-Ty, Ty =r1,sing (Eq. 38d)
The scrub radius follows from the stub axle length and the kingpin inclination:

Rg = Loy pcosy ~T,sin(p +y)  (Eq. 38¢)

where
Symbol Definition
F.F,F, Vehicle-fixed tire force components
TsTy,Ty Vehicle-fixed components of distance from wheel center to tire-ground contact point
Tp Tire pneumatic trail
Ty Mechanical trail
Rg Scrub radius
Lstub Stub axle length
0] c Steer axis caster angle
(o Steer axis kingpin inclination
1% Inclination angle (angle from tire z' axis to ground surface normal)
bg ‘Wheel vehicle-fixed steer angle relative to ground plane (see Eq. 84)
0, Angle from vehicle x-axis to ground plane (see Eq. 72)
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The kingpin inclination and stub axle length are taken as positive on the right-side wheel and negative on the left, so that the scrub radius acts outboard on both sides.

(updated: earlier editions stated that the mechanical trail is assumed to be zero and gave no scrub radius term. Both are calculated from the vehicle's steer axis geometry, the mechanical trail
subtracts from the pneumatic trail rather than adding to it, and the longitudinal force term is subtracted rather than added.)

NOTE: Dual tires often have different tire force components, tire radii and tire-ground contact characteristics. Therefore, each dual tire must be handled
separately.

When the Sidewall Impact Tire-Terrain Model is in use, the moment produced about the steer axis by sidewall contact — a tire striking the vertical face of a curb, for
example — is added to Eq. 38 for each tire.

Steering System Rotational Inertia

The rotational inertia of the entire steering system is

ISteering = ISteer,Rt + ISteer,Lt +Icolumn rlz (Eq. 39)

where
Symbol Definition
Isteer, Rt Total steer rotational inertia for right-side wheel: tire + rim (%2 if dual tires) + any steering portion of brake
Isteer it Total rotational inertia for left-side wheel
Icolumn Total rotational inertia of steering column, including steering gearbox
n Steering gear ratio

The column inertia is referred to the wheel steer axis through the square of the steering gear ratio, as it is for any inertia reflected through a gear reduction. A high gear
ratio therefore makes the steering system substantially harder to accelerate, which is the dominant contribution for most vehicles.

(updated: earlier editions multiplied the column inertia by the steering gear ratio rather than its square.)

Payloads

SIMON supports one payload on each unit vehicle. Note that this means the tow vehicle, trailer(s) and dolly(s) may each have an individual payload. The effect of the
payload is simply to change the inertial properties and CG location of the vehicle's sprung mass.

Human occupants are handled by the same procedure; see
Human Occupants
, below. The payload adjustment is applied first, then each occupant in turn.

Given a payload with inertial properties m, I, , I N I, placing the payload at a distance, 7*, from the sprung mass center of gravity changes the sprung mass inertial
properties as follows:
Mrotal = mSprung + mPayload (EQ- 40)
Mpg yload
= —_— Eq. 41
n MTotal (Eq )
A, =nry, A, =nr,, A, =nr, (Eq. 42)

where A = payload adjustment.

Adding a payload to a vehicle does not cause the vehicle to be repositioned on the road (in the real world or in HVE!). Rather, adding a payload simply relocates the
center of gravity within the vehicle. This effectively changes the x, y, z coordinates of all vehicle-fixed components (wheels, inter-vehicle connections, etc). For each
component, the coordinates are changed

Cadjusted = Corigina —4  (Eq.43)
where C Adjusted = adjusted x, y, z coordinates for component C (e.g., the adjusted vehicle-fixed coordinates of the right front wheel).

The adjustment in center of gravity location and the additional rotational inertias of the payload affect rotational inertias of the sprung mass. This effect can be
calculated using the parallel axis theorem.

Let
dv,=VAL + A2,  dv,=VAZ+AZ,  dV,=VAL+AL  (Eq 44)
and

dP,=Vry+ry,-dv,, dP,=Vri+r,-dV,, dP,=Vri+r,-dV, (Eq.45)
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(updated: earlier editions gave these moment arms as simple sums of the coordinate offsets. They are the perpendicular distances from each axis, so the two offsets combine as a root sum of
squares. The simple sum overstates the inertia change substantially for any payload offset in more than one direction.)

The adjusted rotational inertias for the vehicle sprung mass are

— 2 2
IAdjusted,x - IOriginaI,x + IPayload,x + mSprung de + mPayload dPx
— 2 2
IAdjusted,y - IOriginuI,y + IPuyload,y + mSprung dvy + mPalead dPy

— 2 2
IAdjusted,z - IOriginal,z + IPayload,z + mSprung de + mPayIaad sz

where
Symbol Definition
dv Adjustment in vehicle CG location in vehicle-fixed roll, pitch and yaw planes
dp Payload distance from adjusted CG in vehicle-fixed roll, pitch and yaw planes

Human Occupants

Human occupants may be added to vehicles. Mathematically, the result is equivalent to adding multiple payloads, using the procedures described above. The effect is

to change the inertial properties and weight distribution of the vehicle. Humans do not move relative to the vehicle; their motion is not simulated.

Driver Controls

SIMON provides user-entered driver controls for steering, braking, throttle and gear selection. These driver controls are entered in the form of open-loop tables of
driver input vs. time. SIMON also provides a closed-loop option, called the HVE Driver Model.

Steering

Steering inputs may be provided for right and left side wheels at each steerable axle. At Steering Wheel and At Axle options are supported. If the At Steering Wheel
option is selected, the right side and left side wheel steer angles are equal to the current table entry divided by the axle's steering gear ratio, unless Use Ackermann

Steering is selected, in which case the two front wheels are given different angles so that they point at a common turn center. See
Steering System — Steer angle from the driver

(Egs. 33a and 33b).

HVE Driver Model

SIMON supports the HVE Driver Model. The HVE Driver Model is a closed-loop driver control model that uses driver control attributes and the SIMON vehicle
dynamics model to attempt to follow a user-specified path. This model is described in detail in HVE reference [4].

Braking

Braking inputs may be provided for each wheel. The At Pedal option is the most robust model and its use is recommended. Using the At Pedal option causes SIMON
to use the brake torque ratio supplied for each individual wheel. Wheel spin inertias and coupling within the differential are also included when the At Pedal option is
selected.

Braking Force and Percent Available Friction brake table options are also allowed. If either of these methods is used, spin inertias and differential coupling are

irrelevant and are ignored.

HVE Brake Designer

If the At Pedal braking option is selected, SIMON uses the HVE Brake Designer. Detailed brake component designs can be created and edited in the Vehicle Editor.
The resulting brake design is then used during SIMON simulations. The brake torque is calculated dynamically for each wheel according to the mechanical design of
the brake assembly as well as the current brake pressure, lining/drum temperature and sliding speed. The current lining friction is determined from the lining

temperature and sliding speed; thus, brake fade can be simulated.

The HVE Brake Designer is described in detail in the HVE Designer Manual. Additional information may be found in reference [1].

Throttle

Throttle inputs may be provided for each drive axle. The Percent Wide-open Throttle (% WOT) option is the most robust and its use is recommended. Using the %
WOT option causes SIMON to use the entire drivetrain model (see next section). Wheel spin inertias and coupling within the differential are also included when the %
WOT option is selected.

Tractive Effort and Percent Available Friction options are also allowed. If either of these methods is used, spin inertias and differential coupling are irrelevant and are

ignored.
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Gear Selection

If the % WOT throttle option (above) is selected, the Gear Selection table is used for setting the time and gear selections for each gear shift.

NOTE: If no gear selection entries are made, the vehicle's transmission will be in neutral and no amount of throttle will cause the vehicle to accelerate!

Wheel Torque

Wheel torque arises from driver throttle and brake inputs from open-loop driver tables (see Driver Controls, above).

Brake Torque
SIMON uses three optional methods for computing the current level of attempted brake torque. These are:

¢ At Pedal
« Braking Force

¢ Percent Available Friction
These methods are described in the following section.

Whichever method is used, SIMON distinguishes between the attempted brake torque — what the brake system is trying to apply — and the applied brake torque,
which is what actually reaches the wheel spin equation after the low-speed limits of Egs. 47e through 47h are applied.
At Pedal Braking Option
For the At Pedal option, the attempted brake torque at each wheel is produced by a sequence of steps applied at every timestep. In order, these are:
. Determine the brake system pressure at the source, from the driver's pedal input or from the HVE Driver Model (Eq. 47a).
. Apply the brake time lag for the wheel (Eq. 47a).
. Apply proportioning, if a proportioning valve is present (Eq. 48).
. Apply brake failure, if the wheel's brake is failing (Eq. 47b).

. Apply yaw stability control modulation, if the vehicle is so equipped.

1

2

3

4

5. Apply the brake rise time (Eq. 47c).

6

7. Apply ABS modulation, if the vehicle is so equipped.
8

. Update the brake temperatures and calculate the attempted brake torque from the resulting wheel pressure (Eq. 47).

A wheel damaged during a collision bypasses this sequence entirely; see
Wheel damage lockup
, below.

The attempted brake torque, T',, at each wheel is calculated as follows:

Th = TRatio max (0, p=p,)  (Eq.47)

where
Symbol Definition
T, Attempted brake torque at wheel
T ratio Brake Torque Ratio, the attempted brake torque produced per unit of actuation pressure
o) Current application pressure at wheel cylinder or air chamber (after proportioning)
Py Pushout Pressure (psi)

Torque ratio for generic brake types is entered directly by the user for each wheel. For brakes created using the HVE Brake Designer, the torque ratio is calculated
from the brake's mechanical design and material parameters and current operational characteristics (lining temperature and sliding speed).

Note that the brake produces no torque until the wheel pressure exceeds the pushout pressure, and none at all when the wheel pressure is zero.
(updated: earlier editions gave Eq. 47 without the limit at zero. A wheel pressure below the pushout pressure produces no brake torque; it does not produce a negative torque.)
If the HVE ABS Model is invoked, wheel brake pressures are modulated according to the selected ABS algorithm (see HVE User's Manual, Chapter 31).

Source pressure and brake time lag

The brake system pressure at the source is the product of the current pedal force and the vehicle brake pedal ratio. Each wheel has its own brake time lag, which
delays the arrival of that pressure at the wheel:

0, t<trag

={ Eq. 47a
Prable [4ptlF 7gp1e (L - tLag) xR, t> tLag (Eq )

Page 47 of 109



HVE — SIMON Engineering Dynamics Company

where £ 4 is the wheel's brake time lag, F 7 4pje is the At Pedal brake table interpolated at the lagged time, and R is the vehicle brake pedal ratio. Note that the
table is evaluated at the lagged time, so the entire pedal force history is shifted later by the lag rather than merely being suppressed during it.

When the HVE Driver Model's speed follower is controlling the vehicle, the pedal force is supplied by the driver model instead of the brake table, and the brake time
lag is not applied. A trailer whose tow vehicle is under speed follower control uses the tow vehicle's pedal force and pedal ratio. Following a collision, speed follower
control is released and the brake table resumes, with the time lag applied.

(updated: the brake time lag and the speed follower interaction were not documented in earlier editions.)

Brake Pressure Proportioning

The presence of a proportioning valve will reduce the pressure at the wheel as follows:

<
p=1{ pTabIe’ for pTable - pProportion (Eq. 48)
[4pt]pProportian + n(pTabIe - pProportion )’ for pTable e pPropartion
where
Symbol Definition
P Brake system pressure effective at wheel
Prable Brake system pressure effective at source (master cylinder or storage reservoir), Eq. 47a

pProportion System pressure at which proportioning begins

n Proportioning ratio (wheel pressure : source pressure)

Brake failure

A wheel brake may be set to fail during the event. The extent of the failure ramps linearly from none at the failure start time to the user-specified extent at the end of
the failure duration, and the wheel pressure is reduced by that fraction:

o, t<trai
t-LFpa
p - pO-e®) &)= { [4plepan—gth train <t <tra*Alpa  (Eq.47b)
at
[8ptl€F it t>tpa + Alpg

where € g is the fraction of total brake failure, £ g4 the failure start time and At g;; the failure duration. A failure extent of 1.0 removes the wheel's braking
entirely.

(updated: the brake failure model was not documented in earlier editions.)

Brake rise time

The wheel pressure does not reach its commanded value instantaneously. If a brake rise time is specified for the wheel, the pressure approaches the commanded value
exponentially:

PPy, e rp-e Ty (Eq.470)

where p, _ is the wheel pressure at the previous brake calculation, T is the brake rise time and At is the interval since the previous brake calculation. A rise time of

zero applies the commanded pressure directly.

(updated: the brake rise time was not documented in earlier editions.)

Brake temperature and fade

Before the torque of Eq. 47 is calculated, SIMON updates the brake temperatures at each wheel from the work done by the brake during the previous step, the wheel's
rotational speed, the vehicle's total velocity and the ambient air temperature. Temperatures are tracked at five locations through the lining and drum cross-section. The
lining temperature and the sliding speed then determine the current lining friction, and therefore the brake torque ratio of Eq. 47 — this is how brake fade is produced.
Fade is available only for brakes created with the HVE Brake Designer, since a generic brake's torque ratio is a fixed user entry.

(updated: earlier editions noted that fade can be simulated but did not describe where the temperature calculation occurs in the sequence.)

Wheel damage lockup

If a wheel is damaged during the event and the Wheel Damage option specifies a lockup torque for it, the entire brake system calculation above is bypassed and the
attempted brake torque is set directly from the damage:

Ty = A1) T Nominal » T Nominal = H, max T Tire,max F, static (Eq. 47d)

where A(t) is the wheel's damage lockup fraction, interpolated over the wheel damage start time and duration in the same way as the other wheel damage parameters,
and T nominai is @ nominal wheel lockup torque formed from the largest peak friction value and the largest tire radius among the vehicle's tires, multiplied by the
wheel's static vertical load. A lockup fraction of 1.0 therefore corresponds to approximately the torque needed to lock the wheel under its static load.
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The bypass takes effect only when the lockup fraction is meaningfully greater than zero; below that, the normal brake system calculation applies.

(updated: the wheel damage lockup torque was not documented in earlier editions.)

Brake Force and Percent Available Friction Options

If the Brake Force or Percent Available Friction brake table options are used, the attempted brake torque, T'p, is calculated directly:

Fheet * Max ("rire rnners T Tire,outer )» for the Brake Force method
Tp ={ N i - (Eq. 49)
[6ptlOwheer % Zi —oHp FRr Trrire, for the \% Available Friction method
where
Symbol | Definition
Fyheer | Attempted brake force from Brake Force table
T'Tire Current tire radius
Owheer | Attempted brake input from % Available Friction table
N Number of tires at wheel location
Current peak coefficient of friction for the tire — the value interpolated from the friction table for the tire's current load and speed, scaled by the terrain friction multiplier and b:
Hp 3 P P! y p! y

the hydroplaning model if one is selected

Fpr Current radial tire force (normal to the terrain)

NOTE: If the Brake Force method is used and the wheel location uses dual tires, T'}, is based on the largest tire radius. The % Available Friction method sums
the contribution of each tire at the wheel location.

NOTE: Use of the Wheel Brake Force and Percent Available Friction options is discouraged because they bypass SIMON's brake system model and ignore the
effects of the wheel spin degree of freedom. In addition, ABS simulation is not possible.

(updated: the % Available Friction method sums over the tires at a dual-tire wheel location; earlier versions used a single tire radius.)

Applied brake torque at low wheel speed

The attempted brake torque calculated above cannot always be applied. A brake can command more torque than the tire is able to react against the road, and near zero
wheel speed a torque larger than the tire can support would drive the wheel spin solution unstable — it would spin the wheel backwards. SIMON therefore limits the
attempted torque to the torque actually available at the tire before applying it to the wheel spin equation.

The torque available at a wheel is the moment its tire forces produce about the spin axis:
N
T pvail = 1_;0 F i TTire, (Eq. 47¢)
The limit is applied per axle, because the two wheels of a driven axle are coupled through the differential. Let £2,,,;,, be the minimum wheel spin velocity, 0.1 rad/sec.
Then:
« Both wheels turning (|Q2| > Q,,;,, on both sides). The full attempted torque is applied at each wheel, directed opposite to that wheel's spin:
Tp, appiied = ~|Tplsgn(2)  (Eq.47f)

+ Both wheels at or below the threshold, and the available torque does not exceed the attempted torque on either side. Both wheels are locked, and each
wheel's applied torque is limited to its own available torque:

Tb,AppIied = =T avairlsgn(Q) (Eq. 47g)

¢ One wheel turning and one at or below the threshold, or one wheel locked and the other not. The two wheels are treated separately. The turning (or

unlocked) wheel receives its attempted torque as in Eq. 47f, except that if its partner is locked and its own available torque acts in the same direction as its spin,
its brake is released and no torque is applied. The remaining wheel is limited by the torque available to it after the differential has transferred torque from the
other side:

Toirs = T avaits = P(T avaits - T ; - A Eq. 47h

Diff Avail,2 p( Avail, 1 b,Applled,])’ 1Y T.. +A ( q. )
Wheel, 1
where subscript 1 denotes the turning or unlocked wheel, subscript 2 the other wheel, Iy pee; is the wheel spin inertia and A is the drivetrain inertia term of Eq. 29. If

T pjfy does not act to slow the wheel, the brake is released; if |T p; s | equals or exceeds the attempted brake torque, the attempted torque is applied; otherwise
T pisr is applied.

p is zero on a non-driven axle, so the two wheels of a non-driven axle are limited independently.

The result of this limiting is that the brake torque reported in the variable output can be smaller than the torque the brake system is attempting to produce whenever a
wheel is near or at rest, and can momentarily fall to zero when a wheel is released. This is expected behavior at low speed and does not indicate a problem with the
brake data.
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(updated: this subsection describes behavior not documented in earlier editions. It applies to the At Pedal, Brake Force and % Available Friction methods alike.)

Drive Torque
SIMON uses three optional methods for computing the current level of attempted drive torque. These are:

o Percent Wide-open Throttle
o Tractive Effort

o Percent Available Friction
These methods are described in the following section. Drive torque is applied only at drive axles; a non-driven axle receives no drive torque by any method.

Percent Wide-Open Throttle Option

If the Percent Wide-open Throttle table option is used, the drivetrain model is used in full: the current engine speed is derived from the drive wheel speeds through the
transmission and differential, the engine torque is interpolated from the engine tables at that speed and the current throttle position, and the result is distributed to the
drive wheels.

The engine speed implied by the current road speed is

= X X
ee,Road nDifferentiaI nTransmission

The engine cannot turn more slowly than its idle speed, so the speed used to look up engine torque is
0, = max (Ge,Road) O1d1e) (Eg. 50a)
If Qe’ Road €xceeds the highest speed in either engine table, the event terminates with an excessive engine speed message (see Chapter 6).
The engine torque is then
Te=Tcr +ATwor ~Tcr)  (Eq.51)

where

Symbol Definition

n,.. . Current numerical ratio of differential from driver controls, differential gear table
Dif ferential

N ransmission Current numerical ratio of transmission (Eg. 51b or 51¢c)

0¢ Road Engine speed implied by the current drive wheel speeds

99 Engine speed used for the engine table look-up

Ordte Engine idle speed

Qwheel Current wheel spin velocity (see Eq. 31)

N Number of drive wheels

T, Current engine torque (this result is used in Eq. 32)

Ter Closed throttle engine torque at 6, from engine torque vs. engine speed table (negative)
Twor Wide-open-throttle engine torque at 99 from engine torque vs. engine speed table

A Current throttle position, interpolated from driver controls, throttle table

Below idle speed the engine is not allowed to retard the vehicle: if Eq. 51 returns a negative torque while the road speed implies an engine speed below idle, the
engine torque is set to zero.

T,=0 when T, <O0and Qe,Road <0141e (Eq. 51a)

(updated: the idle speed floor of Eq. 50a and the engine braking limit of Eq. 51a were not described in earlier editions.)

Gear selection

The differential ratio always comes from the driver's differential gear table. The transmission ratio comes from the driver's gear table for a manual transmission, or
from the automatic shift logic for an automatic transmission.

A gear table is a step function of time, not an interpolation: the gear in effect is the one from the most recent table entry at or before the current time. Before the first
table entry the transmission is in neutral and the ratio is zero, which is why a vehicle with no gear table entries will not accelerate no matter how much throttle is
applied.

n =n(9), g = gear number from the most recent table entry (Eq. 51b)

Transmission
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Gear numbers are ordered with neutral first, reverse second, and the forward gears after that. The transmission may have up to 12 forward ratios, plus reverse and
neutral; the differential may have up to three ratios.

For an automatic transmission, the gear is selected from the current engine speed and throttle position rather than from a time table. If a gear table entry selects
neutral or reverse, or the transmission is currently in neutral or reverse, that selection is used directly and no speed-dependent shift is made. Otherwise the
transmission upshift and downshift points — expressed as throttle positions — are interpolated against engine speed from the vehicle's automatic shift data, and

. . . +1 .
Upshift when 60, > Opqx  or (A <Ay, and O, % > Orrin) (Eq. 51¢)
. . . -1 . . .
Downshift when 6, <0, or (A>2Ap,,,and8, % <Orin T 0.75Opnrax — Onin))  (Eq.51d)
where
Symbol Definition
g Current gear number
ng) Transmission ratio for gear g
O min, Orax Minimum and maximum engine speeds for shifting
AUp , Apown Upshift and downshift throttle positions, interpolated against engine speed

The second condition in each case tests where the engine would land after the shift, so that a shift is not made if it would leave the engine outside its usable speed
range. At most one shift is made per timestep, and the engine speed of Eq. 50 is recomputed with the new ratio. Downshifts are permitted only out of the second
forward gear or higher.

(updated: automatic transmission gear selection was not described in earlier editions, which described only the driver's gear table.)

Clutch

If Use Clutch/Torque Converter is selected in Driver Controls and the transmission is in reverse or first gear, the engine is allowed to turn faster than the road speed
would imply, as it does when a driver slips the clutch to pull away. The target engine speed rises with throttle position from idle to the speed at which the engine
develops its peak wide-open-throttle torque:

Oe,Clutch =01d1e * AOpeak ~O1410)  (Eq.51e)

and the clutch slip is the fraction by which the engine is outrunning the driveline:

_ ee,Road
Sclutch =1 - ———,

0<Scuteh <1 (Eq. 51f)
Ge,CIutch

While the clutch is slipping, the engine torque of Eq. 51 is looked up at Qe’ Clutch instead of Qe . Once the driveline catches up, the slip falls to zero and the engine
speed reverts to Eq. 50a. Clutch slip is reported in the variable output.

The clutch is active only in reverse and first gear; in any higher gear the engine speed follows the road speed directly. The transmission type — manual or automatic
— is part of the vehicle's Drivetrain data, while the clutch setting belongs to the event's Driver Controls.

(updated: the clutch model was not described in earlier editions.)
Torque split

The engine torque, multiplied by the transmission and differential ratios, is divided among the drive wheels by the torque split, {. By default the split is equal across

every drive wheel:

0.5

(=-——"2  ateach wheel of a drive axle; ¢ =0 atanon-driven axle (Eq. 51g)
NDrive Axles

If the vehicle is equipped with traction control, the traction control model redistributes the split between the wheels according to the total drive torque and the vehicle's
yaw velocity error, and the split is then no longer equal. Traction control activity is reported in the variable output.

(updated: the redistribution of the torque split by traction control was not described in earlier editions.)

Tractive Effort and Percent Available Friction Options

If the Tractive Effort or Percent Available Friction throttle table options are used, the attempted drive torque, T 4, is calculated directly, bypassing the drivetrain
model:

Fwheel X max ("'Tire. rnner» T Tire,Outer )» for the Tractive Effort method
Tyg={ ’ Eq. 52
d [6pt1Owheer X maXIN: 1 (pp FRrTrire)s for the \% Available Friction method (Eq.52)

(Definitions are the same as for the Braking Tables; see above.)
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NOTE: At a wheel location with dual tires, both drive torque methods use the largest single tire value rather than the sum over the tires. This differs from the %
Available Friction brake method, which sums over the tires at the wheel location.

(updated: earlier editions gave the % Available Friction drive torque as a sum over the tires at the wheel location. It is the largest value among them.)

NOTE: Use of the Tractive Effort and Percent Available Friction options is discouraged because they bypass SIMON's drivetrain model and ignore the effects of
the wheel spin degree of freedom.

Wheel Position

Calculation of wheel center earth-fixed coordinates requires a transformation from the vehicle-fixed reference frame to the inertial reference frame. This
transformation matrix, A, is given by

cosy cosO siny cosO -sinf
A =[ —sinycos¢ + cosysingsinf  cosycos + singsinysinf  singhcosO ] (Eq. 53)
sinysing + cosysinBcos¢p  —cosysing + sinysinfcos¢ cosOcos

where
Symbol Definition
74 Vehicle yaw angle
0 Vehicle pitch angle
¢ Vehicle roll angle

NOTE: The order of rotations is yaw, pitch, roll.

Calculation of these Euler angles requires integration of the rotational velocity components, p, g, I (see Egs. 8 through 10). The integrated values are

¢ = p +(gsing + rcosp)tand (Eq. 54)
6 = qcos¢ - rsing (Eq. 55)
W = (qsing + rcos¢)secOd (Eq. 56)
Note that the presence of tan6 and sec results in a singularity at 90 degree pitch angle. If necessary, an axis indexing scheme can be implemented to eliminate this

singularity.

Given the current vehicle sprung mass orientation in space, the earth-fixed (inertial) wheel center coordinates are

X w X CG Xw
[ Yy 1=[Yeg 1+A-[Vy 1  (Eq.57)
Zy Zcg Zw
where
Term Definition
Xy Yy, Z, i Earth-fixed wheel center coordinates
[Xce Yeg Zcg 17 Earth-fixed vehicle CG coordinates
[Xyy YV, Zw s Vehicle-fixed wheel center coordinates

The calculation of vehicle-fixed wheel center coordinates is dependent upon the suspension type.

Solid Axle Suspension

For solid axle suspension types, the vehicle-fixed wheel center coordinates are given by

Xwheel = Xnitial * AXDispI (Eq~ 58)
yWheeI = ylm'tial - ¢Ax1e prle + AyDispl (Eq' 59)

Zwheel = Zinitial * O axte + ¢Axle Vinitiar * AZpispi (Eq. 60)

where
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Symbol Definition

XY, 2] ivial Vehicle-fixed wheel x, y, z coordinates at the start of the simulation (may include displacements due to occupants and payload)
[Ax, Ay, AZ]Displ Wheel x, y, z displacements from user-entered wheel displacement table

6 Axie Current roll center displacement from equilibrium

1) Axle Current vehicle-fixed axle roll angle

Independent Suspension
For independent suspension types, the vehicle-fixed wheel center coordinates are given by
Xwheel = Xinitial * AXpispr  (Same as Eq. 58)
yWheeI = yInitial + AyDispI + AyTrack (Eq' 61)

ZWheel = ZInitial T AZDispl +6wheel (Eq. 62)

where

Symbol Definition
AyTrack Half-track change at the current suspension deflection, interpolated from the vehicle's Half-track Change vs. Jounce/Rebound table and applied outboard on both sides
Owheel Current wheel z-displacement from equilibrium position
(updated: in the current version, when DyMESH wheel contact is enabled, wheel x-y displacement can also result dynamically from collision forces on the wheel mesh — see the Sprung Mass
Impact Model section below. Earlier editions wrote the half-track term in Eq. 61 as a rate of change; it is the interpolated half-track change itself. The axle roll term in Eq. 59 moves the wheel
toward the inside of the roll.)
Steer Axis Geometry

At a steerable axle — of either suspension type — the wheel does not turn about a vertical axis through the wheel center. It turns about the steer axis, which is inclined
by the caster and kingpin angles and offset from the wheel center by the stub axle length. SIMON accounts for this by rotating the wheel about its actual steer axis,
which changes three things at once as the wheel steers:

« the wheel center position moves, because the wheel center is offset from the steer axis;
o the camber angle changes, which is the camber gain a steered wheel develops from kingpin inclination and caster;

« the steer angle at the road differs slightly from the rotation applied about the steer axis.

The wheel center coordinates of Egs. 58 through 62, the camber angle and the steer angle are all replaced by the values that result from this rotation before they are
used elsewhere. The effect grows with steer angle and with the size of the caster and kingpin angles, and vanishes for an axle whose steer axis is vertical and passes
through the wheel center.

(updated: the steer axis geometry treatment was not described in earlier editions, which placed the wheel center from the suspension deflection alone.)

Vehicle-fixed Wheel Orientation
Wheel orientation with respect to the vehicle-fixed axis system is defined by three angles (see Figure 4-8):

o Wheel Steer, 6,; — Wheel rotation about an axis parallel to the vehicle-fixed z (yaw) axis
¢ Wheel Camber, y M Wheel rotation about an axis parallel to the vehicle-fixed x (roll) axis

* Wheel Spin, w); — Wheel rotation about an axis parallel to the vehicle-fixed y (pitch) axis
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Steer Angle Camber Angle

F 4 z'
Figure 4-8: Vehicle-fixed wheel orientation.
Wheel spin is calculated by the equations of motion for each wheel (see Eqgs. 27 through 32). If the steer degree of freedom option is selected, wheel steer is calculated

by the equations of motion for the steering system (see Egs. 33 through 39). Otherwise, wheel steer and wheel camber are determined from user-defined suspension
properties, look-up tables and driver control tables. The manner in which the wheel orientations are calculated is dependent upon suspension type.

Independent Suspension

Wheel camber angle, y , for independent suspensions is determined using the vehicle suspension camber change table, by linear interpolation of the tabular inputs of
camber vs. wheel jounce/rebound.

Wheel steer angle, 6, for an independent suspension is determined first from the open-loop driver input table, using linear interpolation of the tabular inputs of
wheel steer angle vs. time. If the At Axle steering option is used, the right-side and left-side steer angles may differ; if the At Steering Wheel option is used, the right-
side and left-side steer angles are the same, and are equal to the table value divided by the steering gear ratio.

In addition to the current steering input from the driver steer table, steering may also occur as a result of rotation of the sprung mass about its roll axis (e.g., while
cornering). The associated vertical wheel travel (jounce for the outside wheel; rebound for the inside wheel) can induce additional steering because of the kinematics
of the suspension and steering arms. Thus, for an independent suspension, the total steer angle at a wheel is

6,=0p+Ky+K,dz, +K,d2% +K5d25,  (Eq.63)
where
Symbol Definition
bt Steer angle interpolated from driver control table
dz Current wheel displacement from equilibrium
Ko,K1,K7,K3 Constant, first-order, second-order and third-order coefficients of roll steer vs. wheel jounce/rebound defined for each wheel

Note that the right-side and left-side wheels may have different roll steer values. This is, in fact, what happens when a single wheel drops into a pothole.

NOTE: Roll steer is applied only when the At Steering Wheel steering option is used. With the At Axle option, each wheel takes its steer angle from the driver
table alone and no roll steer contribution is added. (updated: this restriction was not stated in earlier editions.)

NOTE: This is called "Bump Steer".
Solid Axle Suspension

Wheel camber angle, y , for solid axle suspensions is determined by the equation of motion: because the camber angle is fixed with respect to the axle, the camber
angle is equal to the vehicle-fixed axle roll angle, plus any axle camber set. Thus,
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Y =P arte TV, (Eq. 64)

where

Symbol Definition
¢Axle Vehicle-fixed axle roll angle (see Eq. 26)

d Y, User-entered axle camber set, applied outboard on both sides so that a positive camber set leans the tops of both wheels the same way relative to the axle

Wheel steer angle, 6,,, for a solid axle suspension is determined in the same manner as for independent suspension, described earlier, except that roll steer is not a
function of individual wheel jounce/rebound; rather it is a function of the axle roll, ¢ Axle’ with respect to the sprung mass. Thus,

6,=6r+K4¢, .  (Eq65)

where K 3 = solid axle roll steer coefficient. As for an independent suspension, this term is applied only when the At Steering Wheel steering option is used.

Tire Contact Patch Velocity

The calculation of tire forces requires definition of the tire slip angle, which, in turn, requires calculation of velocity components at the tire contact patch. These
velocity components are first calculated in the vehicle-fixed reference frame and then projected onto the ground plane beneath the tire. The calculation of these
velocity components is a function of the vehicle's current CG velocity, vehicle-fixed wheel position and suspension type.

Solid Axle

Contact patch velocity for a solid axle suspension is the result of the superimposed components of vehicle CG velocity and individual wheel center velocities. In
addition, the contact patch is at a distance, h,,, from the wheel center; this distance affects the individual contact patch velocity components. For a solid axle
suspension, the resulting contact patch velocities are

uTire:u_r(yw+hy)+Q(Zw+hz) (Eq. 66)
UTire =V = P(Zyw +hy) +T(Xy +hy) (Eq. 67)
Wrire =W~ q(Xy +hx)+(p+¢Axle)(yW +hy)"'zAxIe (Eq. 68)

where
Symbol Definition
u,v,w Vehicle-fixed forward, lateral and vertical velocity components
p.q,r Roll, pitch and yaw angular velocities about the vehicle-fixed axes
Xw,> Y, Zw Current vehicle-fixed wheel coordinates
Z Axle Current axle vertical velocity
¢Axle Current axle roll velocity
hy,hy,h, Current vehicle-fixed components of distance from wheel center to tire contact patch

Independent Suspension

Contact patch velocity for an independent suspension is calculated using the same approach as that used for a solid axle suspension, except that the wheel positions
and velocities are handled differently (e.g., see Egs. 15 through 24). For an independent suspension, the contact patch velocities are

UTire :u_r(yw+hy)+Q(Zw +h,) (Same as Eq. 66)

dy dy,, .
VUTire =V~ P2y 7hz(p+a%zw)+r(xw Jrhx)jL?lew (Eq. 69)

dy. .
Wrire =W = q(X,, +h)+py +(p+ a%zw)hy +z, (Eq. 70)

where
Symbol Definition
ﬂ Wheel camber change with respect to jounce/rebound interpolated from camber change table
dz
Zy Current vertical wheel velocity
dy w ‘Wheel half-track change with respect to jounce/rebound interpolated from half-track table
dz
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Velocity in the Ground Plane
Finally, the velocity in the ground plane is determined. The forward and lateral components of this velocity are required for the tire slip angle calculation.

First define

CoS
[ cosf x 1= A-[ 0 ]= the direction cosines for the vehicle-fixed x-axis
cosy 0
and
cosa

0
[ cosfB y 1= A-[ 1 ]= the direction cosines for the vehicle-fixed y-axis
cosyy 0

The desired velocity is the projection onto the ground plane of the previously calculated contact patch velocity. The components of the projection of the vehicle-fixed
x-axis onto the ground plane are

ay, UTerrain, COSBy ~ UTerrain, COSVy
Ax =[ 9x; 1=[ UTerrainy COSVy ~UTerrain, COSAy ] (Eq. 71)
Ay, UTerrainy COSAy ~ UTerrainy COSBy

The angle between the vehicle-fixed x-axis and its projection onto the ground plane is their dot product

costy Ay, +cosP, Ay, *cCosy Ay,

6 x = arccos( ) (Eq. 72)
Vajxl + ale + azxk
and the sign of 0, is given by
— an
sgn(0) = sgn(cosy, ~ ———t ) (Eq.73)
ay, + axj + dy,
The forward velocity component of the tire contact point in the ground plane is
UGp = UTire 00y — Wrjresindy (Eq. 74)

The same procedure is used to calculate the components of the projection of the vehicle-fixed y-axis onto the ground plane,

ay, UTerrain, COSY, ~ UTerrain, COSBX
Ay =[ ayj 1=1[ UTerrain, COS&x ~ UTerrainy COSY, ] (Eq. 75)

ay, UTerraing COSBX ~ UTerrainy COSAx
The angle between the vehicle-fixed y-axis and its projection onto the ground plane is their dot product

cosay d, +cosB a, +cosy a
vy, *cosBy ay veosy, ay,
VaZ + 2 + 2
aj + ayj + ayk

¢y = arccos( ) (Eq. 76)

yl
and the sign of ¢y is given by

a
sgn(e ) = sgn(cosy |~ ———)  (Eq.77)
y y \/ayx +ayj +ayk

The lateral velocity component of the tire contact point in the ground plane is

VGP = VUTireCOs®, ~ Wriresing (Eq. 78)

Tire-Road Contact Patch

Tire force calculations require that the tire-road interface be defined in terms of normal and shear forces, and resulting tire deflection. To perform these calculations
requires a careful analysis of the wheel's orientation with respect to an arbitrary surface (terrain), as shown in Figure 4-9.

Terrain Definition

The first step is to define the terrain (contact patch coordinates, friction multiplier and surface normal) beneath the tire. This step is performed using HVE's surface-
information search, controlled by the Get Surface Information Options. Given the current earth-fixed coordinates, X, Y, of the tire's center of rotation, the search
examines the environment polygon database until it finds the polygon beneath the tire (see Figure 4-10). For this polygon, the search returns the earth-fixed elevation,

Z , beneath the tire center, as well as the friction multiplier, f, and unit vector, U 1¢1-qin » representing the surface normal for the polygon directly beneath each tire.
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Figure 4-9: Wheel-terrain geometry.

Tire-Ground Orientation

The tire-ground orientation is defined by the tire inclination angle, p_, and steer angle, 6,,, relative to the surface beneath the wheel, as shown in Figure 4-9. A line
in the earth-fixed coordinate system normal to the wheel plane is defined by a unit vector, U, :

Uy, —sin6,
U, =[Uw, 1=A[ cosywcosﬁw ] (Eq. 79)
Uy, sinywcosﬁw
where
Symbol Definition
A Transformation matrix (see Eq. 53)
Y., Vehicle-fixed camber angle
[ Vehicle-fixed steer angle
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Figure 4-10: The surface-information search returns the terrain surface elevation, Z, friction multiplier, f, and surface normal, U, for the earth-fixed X,Y coordinates beneath the tire.

Defining the surface normal returned by the surface-information search as

UTer‘rainx
Urerrain = [ UTerrainy 1, (Eg. 80)
UTerrainz
the angle between the terrain surface normal, ffTermm , and the wheel normal, ffw ,is
a = arCCOS(UTerrainX wa + UTerrainy Uwy + UTerrainZ Uwz) (Eq. 81)
and the inclination angle relative to the ground, I",,, is
I'w=Z-a (Eq.82)

The steer angle in the ground plane is the product of the vehicle-fixed steer angle, §,,, and the difference between the earth-fixed steer axis, U & and surface normal,

I:TT . The unit vector defining the earth-fixed angle of the steer axis is given by

Us, 0
Us=[Us, 1=A-[ SNy, ] (Eq. 83)
Us, cosy,,

Then the steer angle relative to the ground, ¥, , is

lI[w = 6W(UTerrainX Uﬁx + UTerrainy Uﬁy + UTerrainz Uﬁz ) (Eq- 84)

Tire-Ground Contact Point
The tire-ground contact point is defined by the intersection of three planes: the wheel plane, the plane of the terrain beneath the wheel center, and a plane through the
wheel center perpendicular to the first two planes. This point is defined by three equations:
A =XwUy, YUy, +Z,Uy, (Eq. 85)
AZ = Xw UTerrainx + Yw UTerrainy + Zw UTerrainz (Eq' 86)
Ay=X,D,+Y,,D,+Z, D, (Eq. 87)
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where
Symbol Definition
AL The equation defining the wheel plane
A, The equation defining the plane for the terrain beneath the wheel
A3 The equation defining a plane perpendicular to A; and A, passing through the wheel center X,,Y ,, Z
f]w Unit vector for the line in the earth-fixed coordinate system normal to the wheel plane (see Eq. 79)
UT errain Unit vector for the terrain surface normal returned by the surface-information search
D Unit vector defining a line normal to both the wheel plane and the plane for the terrain beneath the wheel

D, UWy UTerrainz - UTerrainy Uwz
D=[D, ]1=I[ Uwz UTerrainx - UTerrm‘nz wa ] (Eq. 88)
D3 UwX UTerrainy - UTerrainx UWy

The earth-fixed coordinates, T= X Yy Zg 1T, for the tire-ground contact point may now be solved directly using Egs. 85 through 87. In matrix form,

UWx UWY UWZ XT Al
[ UTerrainX UTerrainy UTerrainZ 1L YT 1=1 Az 1 (EQ- 89)
D, D, D, Zr A,

Tire Radial Deflection

Once the contact point is determined, the tire radial deflection can be calculated directly from the earth-fixed distance, D, between the wheel center, X,,,Y ,, Z,,
and the tire-ground contact point, X ¢, Y r, Z1:

D=YX, - X7V +(Y, -Y7)V +(Z, -Z7)  (Eq.90)
Based on the distance from the wheel center to the terrain contact point, the current tire rolling radius, rr, is

D, forD<r,

Eq. 91
ry, forD>r, (Eq.91)

rr=

It is now a simple matter to calculate the tire radial deflection in the wheel plane by comparing the tire unloaded radius, r;,, with the current tire radius, r 7 :

br=r,-rr (Eq. 92)

Force

G T e e T e T s T T e T )

SRRTTERATEL LT ]

Tire Deflection

Figure 4-11: 2-step radial tire stiffness used for calculating the current tire radial force.
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Tire Radial Force

Tire radial force is calculated in the direction of the tire deflection according to the tire force-deflection properties (see Figure 4-11) and current deflection,

K:6,, for6, <6,
Fr={ _ (Eq. 93)
[4pt]IK (K7 (6, — 6,)+6,), forb, =6,
where

Symbol Definition
Fpr Radial tire force (force in the tire plane in the direction of the tire deflection)
Kr Tire initial radial stiffness
Ky Tire secondary stiffness multiplier
6, Tire radial deflection at which K T begins

(updated: earlier editions included a restitution characteristic that reduced the radial force while the tire was rebounding. The radial force is loaded and unloaded along the same curve; the tire's
rebound restitution value is not applied.)

Radial stiffness during a tire blow-out
While a tire is blowing out, its initial radial stiffness is ramped linearly from its normal value to its blown value over the blow-out duration:
Kr, t<tgo
Kr(®)={ 14pK, (1+ (mg - D B9) tnp <t<tpo +Atso  (Eq.93a)
[10ptImg K, t>tgo + Atgo
where my is the blow-out Stiffness Factor, t go the blow-out start time and At g the blow-out duration. The secondary stiffness multiplier is divided by the same

factor, so that the second segment of the force-deflection curve keeps the slope it had before the blow-out. The blow-out treatment of cornering stiffness, camber
stiffness and rolling resistance is described under Tire Model — Tire blow-out.

(updated: the effect of a tire blow-out on radial stiffness was not described in earlier editions.)

Deflection limits

If the current tire deflection, &, exceeds the maximum allowable tire deflection, 6,4 , by more than 20 percent, SIMON terminates and returns a message to HVE
telling the user that the current tire deflection is excessive. The check is not applied to a wheel carrying its own collision mesh, because deflections during a wheel
impact legitimately exceed it.

NOTE: 6,4 is user-editable (see Tire, Physical Properties). By default, 6,4 is set equal to the section height of the tire. Tire deflection beyond & 4«
indicates wheel rim deformation — a condition beyond the scope of the tire model. (To properly model such behavior would require non-linear finite element
analysis.)

(updated: earlier editions gave the termination threshold as & mqy itself. A 20 percent margin is allowed before the run is stopped.)

Separately, while a tire is inclined more than about 80 degrees to the ground — during a rollover, for example — the deflection used in Eq. 93 is clamped to &,.
Without this limit the geometry of a nearly horizontal wheel would produce a very large apparent deflection and an unrealistic radial force.

(updated: the rollover deflection limit was not described in earlier editions.)

Tire radial force, F g, is an important fundamental property as one of the primary inputs to the tire model which is used to calculate braking and cornering force.

Tire Model

SIMON uses the EDC semi-empirical tire model developed for EDVDS [2]. The basis for the EDC semi-empirical tire model is the HSRI tire model, developed at the
University of Michigan Transportation Research Institute [3]. The model was extended to allow large tire slip angles, drive torque (i.e., tire forces that accelerate the
vehicle) and drive and/or brake torque when the vehicle is rolling backwards. The SIMON implementation for load- and speed-dependent tire properties has been
extended by replacing the method of partial derivatives with a table look-up method. An overview of the extended model is provided below for purposes of
comparison with the HSRI and EDVDS tire models.

Tire model versions

(updated: this subsection describes behavior added since the Fifth Edition manual, which documented only a single semi-empirical tire model.)

The Calculation Options dialog offers three versions of the semi-empirical tire model. They share the structure described in the rest of this section and differ only in
the specific respects listed below. Vers. 3 is the default for a new event, and is the recommended choice for new work; Vers. 1 and Vers. 2 are retained so that results

from earlier releases can be reproduced exactly.
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Vers. 1 Vers. 2 Vers. 3
Slip-angle function sina tana tana
Lateral force reverses when the tire travels rearward No Yes Yes
Effective friction limited to the peak friction value No No Yes
Low-speed cornering and camber stiffness reduction No No Yes

The three differences are described where they arise in the development below: the slip-angle function in Eq. 103a, the rearward-travel sign in Eqs. 106 and 112, the
friction limit in Eq. 102b and the low-speed reduction in Eq. 104a.

Selecting a version affects only the tire shear-force calculation. It does not change the radial force model, the rolling resistance model or the hydroplaning model, all of
which are common to all three versions.
Model assumptions and inputs

The semi-empirical tire model describes empirically what is occurring at the tire-road shear interface, according to the current tire-road conditions. It employs a
simplified theory assuming an adhesion region and a sliding region. The major assumptions made by the tire model are:

¢ The contact patch can be divided into two regions: an adhesion region and a sliding region.

o The shear force generated in the adhesion region depends on the elastic properties of the tire, and the shear force generated in the sliding region depends on the
frictional properties at the tire-road interface.

The inputs required by the tire model are

Input Definition

F, Vertical load for up to three test loads

v, Longitudinal velocity for up to three test speeds

],lp JHgs sl’,, Peak and slide tire-road friction and longitudinal slip at peak friction for each load and speed (these data generate a p-slip curve for each test load and speed; see Figure 4-12)
Cy Longitudinal stiffness for each test load and speed

Cq Cornering stiffness for up to three test loads and speeds (see Figure 4-13)

Cy Camber stiffness for up to three test loads and speeds (see Figure 4-14)

During execution, the current tire radial load, F g, rolling radius, r'r, and forward velocity component in the ground plane, Ugp, are calculated (see Egs. 93, 91 and
74, respectively). In addition, the current longitudinal slip, S, is calculated:

S=1-0GL)  (Bq.94)

S is limited to the range —1 < S < 1. When the tire is travelling too slowly for Eq. 94 to be meaningful (a forward ground-plane speed below approximately 1 in/sec),
longitudinal slip is instead set to zero if the wheel is also not spinning, or to +1 if the wheel is spinning while the vehicle slides sideways.

h_‘_ Moy

Mg

£ /F,

.
0 S . ; a
Longitudinal Tire Slip, S (%) 100

Firttira 4-12 F./F.vus lnnaituidinal tire &lin (min-slin curva)

Figure 4-12: Fx/Fz vs. longitudinal tire slip (mu-slip curve).
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F,/F,

Y

5 10 15
Tire Slip Angle, a (deq)

Figure 4-13: Fy/Fz vs. tire slip angle, a.

F,/F,
\\

el | L I
0 5 10 1'5'
Camber Angle, ¥ )

Figure 4-14: Fy/Fz vs. tire inclination angle, y.

Based on the above test tire parameters and the current tire load and velocity, the effective values are calculated using linear interpolation,
n, = f(Frougp). M, =f(Fr.ugp), Sy =f(Fr.ugp)., Cs=f(Frugp). Ca=f(Fr.ugp). C,=f(Fr,ucp)

(updated: the longitudinal stiffness, Cs, is now interpolated from the tire's Longitudinal Stiffness data in the same way as the other load- and speed-dependent properties. Earlier editions of this
manual gave a formula that derived C 4 from the p-slip curve parameters; that formula is no longer used.)

The interpolated peak and slide friction values are then scaled by the friction multiplier of the terrain beneath the tire:

yp - ]Jp * Frerrain ]’15 < ys “fterrain (Eq. 94a)

where fiorrqin is the surface friction multiplier returned for the current tire position, further reduced by the hydroplaning model when one is selected (see
Hydroplaning Model, below). Note that the terrain friction multiplier scales friction only; it does not scale longitudinal, cornering or camber stiffness.

Effective friction

From these data, the following intermediate parameters are computed:
a=(1.0+S, )1.0-S, ) (Eq.95)
P P
b=1.0- Sup )("Is(su,, +2.0)- pp(Z.OSup +1.0)) (Eq. 96)
€ =(Hg ~H,)H (Eq. 97)
_-b+Vb?-4ac
B= — g (Eq. 98)
A= ],1'5 +B (Eq. 99)
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C=p, +B(.0- S',lp ) (Eq.100)
The effective friction, 11, is then
u=A-B|S| (Eq. 102)
1 is subject to two limits. First, it is never allowed to fall below the value it would take at fully locked or fully spinning slip:
u=A-B  (Eq. 102a)
Second, in Vers. 3 only, the effective friction is not allowed to exceed the interpolated peak friction:

u< p’p (Vers. 3only)  (Eq. 102b)

(updated: Eqs. 102a and 102b describe limits not documented in earlier editions. Eq. 102b is one of the differences between Vers. 3 and the earlier versions; in Vers. 1 and Vers. 2 the effective
friction may momentarily exceed the peak value returned by the friction table.)
Cornering stiffness at large slip angles

The interpolated cornering stiffness, C a , describes the tire's response to small slip angles. Because the lateral force per degree of slip angle falls off as the slip angle
grows, SIMON reduces the cornering stiffness used in the force calculation as a function of the magnitude of the current slip angle:

C, laj<1°
. al-1° o o
Co = 1puC,0- 10Dy 1o <ja<s” (g, 100m)
[apt]%c'a laj>5°

The reduction is symmetric about 180 degrees, so that a tire travelling rearward sees the same treatment as one travelling forward.

(updated: Eq. 100a describes behavior not documented in earlier editions of this manual.)

Adhesion and sliding regions

Based on the above parameters, the fraction of the adhesion region of the total contact patch, X s / L (where L is the total length of the contact patch, and X g is the
distance from the front of the contact patch to the point where sliding starts), is calculated as follows:

D, =Y(C,S) +(CoT(@)  (Eq. 103)

Xs _ l'le(l'O_lSl)
I - 72-0Dt (Eq. 104)

where T' (@) is the slip-angle function, which is the single largest difference between Vers. 1 and the later versions:

T _ ¢ sina Vers. 1 Eq. 103
(@ ={ tana  Vers. 2 and Vers. 3 (Eq %)

In Vers. 2 and Vers. 3 the tangent is guarded against overflow: within a quarter of a degree of +90°, T'(@) is clamped to a large finite value carrying the sign of the
tire's forward ground-plane velocity, so that the lateral force saturates instead of diverging.

(updated: earlier editions of this manual stated that the EDC model replaces the HSRI tangent function with the sine function. That is true of Vers. 1 only. Vers. 2 and Vers. 3 restore the tangent
function — which is the correct form for the underlying brush model — and handle the singularity at +90° by clamping rather than by substituting the sine.)

X / L is limited to 1.0 (note that X ¢ / L = 1.0 means there is no sliding region).

Low-speed refinement

(updated: this subsection describes behavior added since the Fifth Edition manual. It applies to Vers. 3 only.)

At very low wheel speeds, the cornering and camber stiffnesses of the undisturbed model produce lateral forces that are unrealistically large for the amount of relative
motion actually present at the contact patch, which can make a nearly stopped vehicle drift or jitter. Vers. 3 therefore fades the stiffnesses toward zero as the wheel
comes to rest.

When the tire's circumferential speed, ' Q, falls below approximately 2 ft/sec, the cornering and camber stiffnesses used in the force calculation are scaled by a
blending factor:

2.0
Vref + [V]
V] Vref

D, Vyef) = (Eq. 104a)

Co = Cu@(rrQ, Vyep), C, « C,®(rrQ, Vyp)  (Eq. 104b)

where V.o r # 2 ft/sec. @ equals 1.0 when V| = U,..¢ and approaches zero as |[v| - 0, so the reduction phases in smoothly rather than switching on at a threshold. If
the wheel is exactly stopped, both stiffnesses are set to zero.
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While the wheel is below that speed, if the lateral component of the tire's ground-plane velocity also falls below approximately 1 in/sec, the slip-angle function is

faded by the same blending factor:

T(a) « T(ax)@(vgp, 1in/sec)

again with T () set to zero if the lateral velocity is exactly zero.

Tire forces

(Eq. 104c)

If X5 / L = 1.0, there is no sliding region and the longitudinal and lateral tire forces, F - and F v respectively, are

_. Css
F,. =sy 0.5 (Eq. 105)
and
-C,T(x)
F. .=~ _"".k Eq. 106
v = To-ps) Ke (E4109)
where s, and k,, account for the direction the tire is travelling:
1 Vers. 1
Su = = sgn(Uep), ky =1 —-s, Vers. 2 and Vers. 3 (Eq. 106a)

u

Sy, orients the longitudinal force so that it always opposes the direction of travel for a braking slip and drives the vehicle for a drive slip, whether the tire is rolling

forward or backward. k,, reverses the lateral force when the tire is travelling rearward, so that a slip angle measured relative to the wheel plane produces a lateral

force in the correct direction in reverse. Vers. 1 omits this correction, and consequently returns a lateral force of the wrong sign for a tire travelling rearward.

(updated: the direction-of-travel factors in Eq. 106a were not documented in earlier editions. Kk, is one of the differences between Vers. 1 and the later versions.)

F,

is set to zero when both ground-plane velocity components of the tire are below approximately 1 in/sec, so that a stopped tire generates no lateral force.

If X4 /L < 1.0, there is some sliding at the tire-road interface. For this condition, the tire forces in the adhesion region and sliding region are computed separately.

F ., and F K tire forces in the adhesion region are

' ’lF 2
F pinesn = CsSGgpo) AL0-ISD  (Eq. 107)
and
pF,
Yadnesion Ca T(a)(z.th ) (1.0-1SD (Eq. 108)
The tire force components in the sliding region are:
X S
Xstugmg ~ HE2(L0— Ts)(m) (Eq. 109)
and
. X, T@
Vstging pF,(1.0 T)(m) (Eq. 110)

The total tire force is the sum of the force in the adhesion and sliding regions, with the same direction-of-travel factors applied as in Eqs. 105 and 106,

= Su(F !

X Adhesion

F .
X

and
Fyr =(F

Y adhesion

Camber force

Vsliding

)y (Eq.111)

Xsliding

Yk, (Eq.112)

The lateral force produced by the tire's inclination relative to the ground is added to the lateral force from Eq. 106 or Eq. 112:

F .
y

- Fyr +CysinyG

(Eq. 112a)

where P, is the tire inclination angle relative to the ground plane (see Tire-Ground Orientation) and C is the camber stiffness — the value interpolated from the
Camber Stiffness table, modified by the tire blow-out model if one is active and by the low-speed refinement of Eq. 104b.

(updated: the camber contribution to the lateral tire force was listed as a model input in earlier editions but the equation using it was not given.)
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Tire blow-out

(updated: this subsection describes how the HVE Tire Blow-out Model, which is set up on the Wheels dialog, enters the tire force calculation. Earlier editions of this manual documented the
blow-out inputs but not their effect on the tire model.)

When a tire is flagged as blowing out and the simulation time has reached the blow-out start time, the cornering stiffness, camber stiffness and both rolling resistance
coefficients are ramped linearly from their normal values to their blown values over the specified blow-out duration:

X, t<tpo
t-t
X(t)={ M4pt]1 X, +(mx X — XO)TBO tgo <t <tpgo + Atpo (Eq. 112b)
BO
[8pt]mXX0 t>tgo +AtBO
where X is any of the affected parameters, X is its unblown value, £ g is the blow-out start time, At go is the blow-out duration, and my is the Stiffness Factor

(for cornering and camber stiffness) or the Rolling Resistance Factor (for the two rolling resistance coefficients). The reduced values are used for the remainder of the
event.

The blow-out model also changes the tire's radial stiffness; that effect is described under
Tire Radial Force
, above.

Steeply inclined tires

(updated: this subsection describes behavior not documented in earlier editions.)

The tire force calculation is valid only while the tire's contact plane is reasonably close to horizontal relative to the wheel. When the tire inclination angle relative to

the ground exceeds approximately 80 degrees, the model can no longer resolve a meaningful contact patch. In that case:

o If the wheel is being contacted by the 3-D mesh collision model, all tire forces, ploughing forces, slip values and the rolling resistance moment are faded
smoothly toward zero using the blending factor of Eq. 104a, applied to the cosine of the inclination angle. This avoids a discontinuity in the forces during a wheel
impact.

o Otherwise, all of these quantities are set to zero for that tire.

Skidding
The tire model uses the current vertical tire load, F ,, the current longitudinal slip and the fraction of the sliding region at the tire-road interface to set the skid flag,

S F, which controls tiremark generation:

ISI> S,
if Fz > F, min and { or }, SF=TRUE (Eq.113)

Xs
— <7

where F, i, is the minimum tire load for tiremark generation and T = 0.25. In words, a tire is marked as skidding when it is carrying enough load to leave a mark
and either its longitudinal slip has passed the slip at peak friction, or less than a quarter of its contact patch remains in adhesion.

(updated: earlier editions of this manual gave only the adhesion-region condition. The longitudinal slip condition is also present and either one is sufficient.)

The tire model additionally reports a normalized lateral saturation value, used in tiremark determination, which compares the lateral force the tire would develop from
its cornering stiffness alone against the friction available:

2.1 . ,CoT(a)
A= 5 min (lﬂT" 2.0) (Eq. 113a)

A ranges from 0.0 (no lateral demand) to 1.0 (lateral demand at or beyond twice the available friction) and is reported as the tire's lateral slip output variable.

Summary of changes from the HSRI model

In the above development, the original HSRI model has been modified in the following ways:

—_

. Load- and speed-dependent tire parameters are calculated from data tables, using linear interpolation, rather than using partial derivatives.

2. Longitudinal slip, S, has been replaced by |S| wherever it appears as a magnitude, to allow for drive torque at the tire-road interface and for a vehicle rolling
backwards.

3. The singularity in the HSRI lateral force at & = +90° is removed. Vers. 1 does this by substituting the sine function for the tangent, which allows the model to
handle slip angles throughout the continuous range —I11 < a < 11 but changes the small-angle behavior. Vers. 2 and Vers. 3 retain the tangent function and instead
clamp it near +90°, preserving the correct small-angle response.

4. Direction-of-travel factors are applied to the tire forces (Eq. 106a) so that both longitudinal and lateral forces act in the correct direction when the vehicle is

travelling rearward.

o

. Cornering stiffness is reduced at large slip angles (Eq. 100a), and, in Vers. 3, cornering and camber stiffness are faded at very low wheel speeds (Eq. 104b).
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Rolling Resistance

The original EDC semi-empirical tire model has also been extended to include a circumferential tire moment from rolling resistance. The rolling resistance moment,
MRoIIing , is given by

M Rotting =T(0gFr +0ylugpl)- (—sgn(Q))  (Eq.114)

where
Symbol Definition
r Tire rolling radius
o Load-dependent rolling resistance coefficient
oy Velocity-dependent rolling resistance coefficient
Fpr Radial tire force
Ugp Forward component of tire velocity in ground plane
Q Wheel spin angular velocity

The —sgn(Q2) factor makes the moment resist wheel rotation. For |Q2| below a minimum spin threshold the moment is linearly ramped toward zero to avoid chatter.

The rolling resistance moment contributes to the equations of motion for the wheel spin degree of freedom (see Egs. 27 through 32).

Hydroplaning Model
(updated: this section documents a capability added since the Fifth Edition manual.)

When a tire rolls through standing water, a wedge of water builds ahead of the contact patch. Above a critical speed the wedge lifts the tire off the pavement and the
available tire-road friction collapses. SIMON models this effect by testing each tire, at each timestep, against a hydroplaning

threshold speed
computed from the tire and surface conditions, and switching that tire's friction between its dry-surface and water-surface values accordingly.

Selecting a model

The hydroplaning model is chosen in the SIMON Calculation Options dialog (Hydroplaning Model):

Option Notes

Off Default. Friction is the dry-surface value.

NASA NASA (Horne/Borne) spin-down model.

NASA-TTI Modified NASA model including contact-patch aspect ratio.

Gallaway Gallaway/TTI model including water depth and pavement macrotexture.

A fifth model, Blythe-Day, is named in the program's message text but is not implemented: it is not offered as a radio button in the dialog, and any attempt to request
it is rejected with a fatal error, so the event will not run.

NOTE: Hydroplaning cannot be combined with the Soft Soil tire-terrain model. Selecting both produces a fatal error and the event will not run.

Required input data

Hydroplaning is evaluated only where a tire is in contact with an environment polygon whose object type is Water. Each water polygon carries its own water depth
(static or dynamic), friction and material properties, assigned in the 3-D Editor's Object Attributes dialog. If the environment contains no water polygons, selecting a
hydroplaning model has no effect on the simulation.

The water polygon's material friction is the value the tire's friction multiplier switches to while hydroplaning, so it — not the tread or pressure data — determines
how much friction remains once the threshold speed is exceeded. The tire and surface data below determine only when that switch occurs.

NOTE: The friction used while hydroplaning comes from the water polygon's material friction, assigned in the 3-D Editor's Object Attributes dialog.

The models draw on the following data:
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Symbol Quantity Source

P Tire inflation pressure (Ib/in?) Tire Physical Data — Nominal Pressure

w, Tread width (in) Tire Physical Data — Tread Width

d, Tread depth (in) Tire Physical Data — Tread Depth

Iy Contact patch (tread) length (in) Computed each timestep from the deflected tire radius
WD Water depth (in) Water polygon (static or dynamic)

TXD Pavement macrotexture depth (in) Environment material properties

UTire Forward tire velocity in the ground plane (in/sec) Simulation state

The contact patch length is obtained from the undeflected and deflected tire radii,
I, =2Vrs - r?
so a more heavily loaded (more deflected) tire presents a longer contact patch, which raises the NASA-TTT threshold speed.

NASA (Horne/Borne) model
The NASA model predicts the spin-down (total hydroplaning) speed purely from inflation pressure. A tire hydroplanes when
[Upire| > 182.16VP

with Urjre in in/sec and P in Ib/in? The coefficient is the familiar v,, = 10.35V/P mph expressed in in/sec (10.35 x 17.6 = 182.16).

NASA-TTI model

The NASA-TTI model modifies the NASA prediction using the aspect ratio of the contact patch, so that tire deflection and tread geometry influence the threshold. A
tire hydroplanes when

83.35 - 27.59 % +1.158319 P
t

. >
‘uTzre‘ 0.09144

The bracketed expression evaluates the threshold in km/h; dividing by 0.09144 converts it to in/sec. The implementation follows the form given by Ong and Fwa
citing the 1986 Horne/TTI/NASA work. (An alternative expression attributed to Badger, 139.92VP W, 7 [, is not used, because no supporting reference was
available for it.)

If the computed contact patch length is less than 0.5 in — for example, a tire carrying almost no load — the NASA-TTI model reports no hydroplaning rather than
dividing by a vanishing patch length.
Gallaway (TTI) model
The Gallaway model is the most detailed of the three, adding water depth and pavement macrotexture. The predicted hydroplaning speed V' (mph) is
V= SD0.04 P0.3 (TD + 1)0.06 A

where T D is the tread depth expressed in 32nds of an inch (T'D =32d,), SD is the tire spin-down percentage, which is 10 percent, and A is the larger of two
water-depth/texture terms:

A= max (A, A))

_ _10.409 ~ (28952 _ 014
A= W+3.507 A, = (W 7.817)T XD

For water depths below 0.005 in the water-depth terms are dropped, giving A, = 3.507 and A, = —7.817 T X D%, which avoids the singularity as W D - 0. The
tire hydroplanes when

[Urire|>17.6 14

(the factor 17.6 converts V' from mph to in/sec).

Effect on the tire forces

Each model returns the friction multiplier, F a7t , that scales the tire's friction coefficients. Two multipliers are available for every tire: one for the Road, Friction
Zone or Curb polygon under the tire, and a second taken from the material friction of the Water polygon under the tire. Below the threshold speed the hydroplaning
model returns the first (dry-surface) value; at or above the threshold it returns the water value. The returned multiplier is applied to both the peak and sliding friction
coefficients interpolated from the tire's friction tables:

llpeak = FMult llp(FZ’u) llslid? = FMuIt Ps(Fsz)
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Because 1 and u set the ceiling on the shear force the contact patch can develop, substituting the (much lower) water friction for the pavement friction

peak slide
reduces the tire force available in every direction. Longitudinal force is lost, so braking and drive traction fall away; lateral force is lost, so the tire can no longer
generate the side force needed to hold a curve or resist yaw. This loss of available friction is the entire mechanism by which hydroplaning affects the simulated

vehicle; the extra drag of displacing water is not modeled.

NOTE: If no water polygon lies under the tire, the water multiplier is the same as the dry-surface multiplier, so selecting a hydroplaning model has no effect
unless the environment actually contains water polygons beneath the tire path.

Because the transition is a threshold test evaluated per tire per timestep, an individual tire may enter and leave hydroplaning repeatedly during an event — for example
as it crosses a puddle, as load transfer changes its contact patch, or as the vehicle decelerates back below the threshold speed.

Hydroplaning state and reporting

SIMON tracks a hydroplaning state for each tire and records when hydroplaning starts and stops:

State Meaning

Not yet hydroplaned Tire has not yet hydroplaned.

Hydroplaning Tire is currently hydroplaning; start time and speed recorded.
Contact regained Tire has regained contact; end time and speed recorded.

The simulation time and forward tire speed are stored at both the start and the end of each hydroplaning episode. A tire that regains and then again loses contact
returns to the hydroplaning state.

When a hydroplaning model is active, SIMON also fills the water-related tire output tracks — Water Depth, Macrotexture and the water friction multiplier — which
can be plotted or tabulated in a Variable Output report (see Chapter 3). The Rolling Resist Mult, Fx' (water) and Fy' (water) tracks are not used.

Suspension Force

Independent and solid axle suspensions are supported in SIMON. The equations of motion for each suspension type were discussed earlier (see Egs. 7 through 10 and
18 through 26). The force is calculated using a spring-damper model with additional coulomb friction, as shown in the model in Figure 4-15. The spring is free to
move only in the vehicle-fixed z-direction. The total suspension force is the sum of the spring force, the force from any engaged suspension stop, the damping (shock
absorber) force, the coulomb friction force, the anti-sway bar force, the jacking force and the static suspension force. Mathematically, the force, F g, at each
suspension location is

Fgs= K(6_6Payload)+FStop +C6+Fu +FSwzzy +F]ack "'FS0 (Eq. 115)

where
Symbol Definition
K Linear spring rate of suspension spring
6 Spring deflection from equilibrium (+ down), Eq. 115a
6Pﬂyload Static deflection produced by the payload, Eq. 115¢
Fstop Force from an engaged jounce or rebound stop, Eq. 116
C Velocity-dependent damping rate
6 Spring deflection rate, Eq. 115b
Fy Coulomb friction, Eq. 115d
Fsway Anti-sway bar force, Eq. 115e
F jack Jacking force (independent suspensions only), Eq. 115f
F S, Static suspension force at this suspension location

(updated: earlier editions of this manual gave F g as the sum of the spring, damping, coulomb friction and anti-sway bar forces only. The static suspension force, the suspension stop force and
the jacking force are also part of the total. Earlier editions also stated that the suspension force calculation is identical for the two suspension types; the spring deflection, deflection rate, axle
roll angle, anti-sway bar force and jacking force are each calculated differently for independent and solid axle suspensions, as described below.)

Spring deflection and deflection rate

For an independent suspension, each side has its own vertical suspension degree of freedom, and the spring deflection and deflection rate are simply that degree of
freedom and its derivative:

6 = Zsysp * Gpayload 6= Zsusp (Eq. 115a, independent)
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For a solid axle suspension, the axle has a single vertical degree of freedom and a roll degree of freedom, and the deflection at each spring depends on the spring's
lateral position on the axle:

6= 2Zaxe +¢Axle Vg +6Paylo¢1d: b = Z Axle +¢Axle Vs (Eq. 115b, solid axle)
where y _ is the vehicle-fixed y-coordinate of the spring and ¢ Axte s the vehicle-fixed axle roll angle.

(updated: Egs. 115a and 115b were not given in earlier editions.)

Payload static deflection
Adding a payload changes the static load carried by each suspension, and therefore the position each suspension sits at when the event begins. That change is applied
as a fixed offset:

F‘Su B FSU,Empty
K

6Payload = (Eq. 115¢)

where F'g s the static suspension force with the payload in place and F'g, gpmpty is the static suspension force for the vehicle without it. bpa yload is limited so
that it cannot place the suspension beyond its jounce travel limit. The offset is also applied to the initial wheel center and steer axis positions, so that the vehicle begins
the event at the ride height corresponding to its load.

Note in Eq. 115 that the offset is removed again before the spring force is computed. The result is that the spring force is measured from the vehicle's loaded
equilibrium position, while the suspension stops engage at the loaded position — that is, a heavily loaded vehicle begins the event closer to its jounce stop, as it
should, but does not carry a spring preload from the payload in addition to its static suspension force.

(updated: this subsection describes behavior not documented in earlier editions.)

Coulomb friction

The coulomb friction force opposes suspension motion at a constant magnitude, except at very low deflection rates, where it is blended linearly through zero so that
the force does not chatter as the suspension changes direction:

ngi, 5h>0and|5|<5h
F,=1{ o . (Eq. 115d)
[10pt]F f sgn(6), |6]>0
[4pt]O, 6=0

where F ¢ is the suspension friction force and 6 p is the hysteresis deflection rate. Setting the hysteresis rate to zero disables the blend and applies the full friction
force at any non-zero deflection rate.

(updated: earlier editions listed coulomb friction as a term in Eq. 115 but did not give its definition.)

Anti-sway bar force

The anti-sway bar produces equal and opposite vertical forces at the two sides of an axle, proportional to the axle roll angle. The lever arm over which the auxiliary
roll stiffness acts differs by suspension type:

K . K .
Fsway =t—5~@,,,, (solidaxle), Fsway = i% ® 41, (independent) (Eq. 115¢)

where
Symbol Definition
K, Auxiliary roll stiffness of the anti-sway bar
s Lateral spring spacing on the axle (solid axle suspensions)
t Current track width, the lateral distance between the two wheel centers (independent suspensions)
1) Axle Vehicle-fixed axle roll angle

The sign is positive on the right side of the axle and negative on the left.

For a solid axle suspension, ¢ Axle is the axle roll degree of freedom. For an independent suspension there is no axle roll degree of freedom, so the axle roll angle is
estimated from the current vertical positions of the two wheel centers:

ZWheel, Right ~ ZWheel, Left
b pyge = ek Rt THRECLLETE  (Bq. 115e-1)

This is a small-angle approximation. If the track width of an independent suspension is less than one inch, the vehicle data are rejected as invalid and the event is
terminated.

(updated: earlier editions gave a single anti-sway bar term, K ,.; ¢ divided by the y-coordinate of the spring location, applied without a sign change between sides. The divisor is the lateral

Axle
spring spacing for a solid axle and the track width for an independent suspension, and the force acts in opposite directions on the two sides.)
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SIMON also reports an auxiliary roll moment for each axle,
MRon = Krs ¢Axle (Eq. 115e-2)
which appears in the variable output as the axle sway bar roll moment. This is a reported quantity only; the roll stiffness enters the equations of motion through the
anti-sway bar forces of Eq. 115e.
Jacking force

On an independent suspension, the tire's lateral and vertical forces act at the tire-ground contact point, which is offset from the wheel center. As the suspension
deflects, the linkage changes the wheel's camber angle and its lateral position. Those two geometric rates convert the tire forces into a vertical force at the spring —
the jacking force:

Flack= 3 (90 he, ~Fohe )= Fy 2821 g s
where
Symbol Definition
dy/dz Rate of change of vehicle-fixed wheel camber angle with suspension jounce/rebound
dt/2)/dz Rate of change of the wheel center's vehicle-fixed y-coordinate with suspension jounce/rebound (half-track change)
Fy,F, Vehicle-fixed lateral and vertical tire forces at this wheel
hcy s hc, Vehicle-fixed y and z components of the distance from the wheel center to the tire-ground contact point

Both geometric rates come from the vehicle's Camber vs. Jounce/Rebound and Half-track Change vs. Jounce/Rebound data. The jacking force is calculated for
independent suspensions only; for a solid axle the equivalent effect is included in the axle equations of motion.

(updated: the jacking force was not documented in earlier editions.)

Suspension stops

The model also includes suspension stops for both jounce (—) and rebound (+) spring deflections (see Figure 4-16). The effect of a suspension stop is to limit
suspension travel by increasing significantly the suspension stiffness. A stop engages when the spring deflection passes the corresponding travel limit,

6- 6Rebound’ 6> 6Rebound
6Stop ={ [4pt]6 - 5]ounce’ 6< 6Jounce (Eq. 115g)
[4pt]o0, otherwise

and the suspension force generated at a suspension stop is expressed mathematically as

. i K6st0p + K36%s0p, for6-6>0 (Eq. 116)
St - . .
P MpUN(K, Bgy0p + K3 6%p), for6-6<0

where
Symbol Definition
K, Stop linear rate
K; Stop cubic rate
bstop Deformation of suspension stop
6 jounce > O Rebound Jounce and rebound travel limits
n Stop energy ratio
6-6 (-) if stop deformation is decreasing (used for reducing F g, ; see Eq. 116)

The stop energy ratio makes the stop dissipate energy: while the stop is unloading, only the fraction 1) of the elastic force is returned. On a rebound stop, the
remaining fraction, (1 - 1) F g4, , is added to the damping force, so the energy removed from the spring appears in the shock absorber. On a jounce stop the
remaining fraction is simply not applied.

(updated: the treatment of the energy-ratio remainder was not described in earlier editions, and it is not the same for the two stops.)

Reported suspension forces

The spring force reported in the variable output is the sum of the spring and stop forces, K(6 - 6 p, yload) T Fsio p» rather than the spring force alone. The reported
damping force includes the rebound-stop contribution described above.
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Suspension limits

SIMON terminates the event and reports a message if a suspension exceeds any of the following limits:

Condition Limit Message

Spring deflection 50in Event Termination: Excessive Suspension Deflection!
Deflection rate 50,000 in/sec Event Termination: Excessive Suspension Velocity!
Spring plus stop force 20 times the vehicle's sprung plus payload weight Event Termination: Excessive Suspension Force!

These limits are not applied to a wheel while it is being contacted by the 3-D mesh collision model, because the forces and deflections during a wheel impact
legitimately exceed them. Wheels being contacted by the collision model are instead checked against the wheel damage force and moment limits, which produce the

messages Event Termination: Excessive suspension force from DyMESH wheel impact and Event Termination: Excessive suspension moment from DyMESH wheel
impact.

Reaching any of these limits normally means the vehicle or event data are producing an unrealistic response — for example a spring rate, stop rate or terrain feature
that is far outside the range the model was built for.

(updated: this subsection describes behavior not documented in earlier editions.)

.
K, K, A il Ki? ¢

Axle

Figure 4-15: Suspension force model.
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Suspension Force

+
A

(Jounce) — < //I':/:::,u{/ > + (Rebound)
H

Figure 4-16: Force produced by suspension stops.

Inter-Vehicle Connection Model

In a multi-vehicle train (e.g., a tractor-semitrailer), each sprung mass is allowed six degrees of freedom. The sprung masses are connected by constraint forces and
moments acting at the inter-vehicle connection points, as shown in Figure 4-17.

F
Vehicle 2

Vi

Vehicle1

I,
Earth X
X
Z Y z

Figure 4-17: Inter-vehicle connection force.

Connection Force

The constraint force is first calculated in the inertial (earth-fixed) reference system, then resolved according to each vehicle-fixed system. In the earth-fixed system,
Fe=F¢c +(Ry Ry ) Ko+ (V,, - Vy,) Co (Eq. 117)

where
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Symbol Definition

F c, Static connection force, the load carried at the connection with the vehicles at rest in their initial positions

Rn - Rn 1 Earth-fixed distance between connection points on vehicles n and n + 1

K¢ Constraint spring rate for vehicle pair. For the default Connection Model (Use Heavier Vehicle) K¢ = max (Mg » M+ 15000 ) 9
Vn - Vn 1 Earth-fixed relative velocity between connection points on vehicles n and n + 1

Ce Constraint damping rate for vehicle pair = 0.5VK ¢ ~max (m"sp”mg T 1 gprung )

(updated: the current Calculation Options dialog adds a Connection Model option that selects which sprung mass governs the constraint rates, and a Connection
Failure Start Time that sets the earliest time at which a connection is permitted to fail; see Chapter 2. The three Connection Model settings are: - Use Heavier Vehicle
(default) — the constraint weight is the heavier sprung mass, max (mnspmg My 1 ng ) - g, as shown above. - Use Both Vehicles — a weighted blend of the two
sprung masses is used, 0.75 Mg pryng, min +0-25 Msprung, max (times g), for both K ¢ and C¢. - Use Tow Veh Properties — the tow vehicle's user-entered rear-
connection stiffness and damping values are used directly instead of a mass-derived rate. )

Calculation of connection earth-fixed position, R, employs the A matrix defined in Eq. 53,

RX CG b’ ry
R=[ Ry 1=[ CGy 1+A-[Ty ] (Eq. 118)
R, CG, rs
where
Term Definition
[Rx Ry Ry i Earth-fixed X, Y, Z coordinates of the connection point
[ryryr, ]T Vehicle-fixed x, y, z coordinates of connection point

The equations of motion require the earth-fixed connection force to be resolved in the vehicle-fixed reference frame for each vehicle. The vehicle-fixed components of

the connection force are

f"cn Fch
fe,=Ufy, 1=-Ap -1 Fy, 1 (Eq.119)
fzcﬂ FZC
for the towing vehicle and
Fre,. Fx,
feo, =Ufy, 1=AL. [ Fy. 1 (Eq120)
fae Fz.,.

for the trailing vehicle.

A pintle eye, hinged connection cannot carry vertical load: for that connection type the vehicle-fixed z-component of the connection force is set to zero on both

vehicles, leaving only the longitudinal and lateral constraint.

(updated: the vertical force exception for hinged pintle connections was not described in earlier editions.)

The total force sums from each connection (front and rear) are
EFcom = Fcrom * FCroar (Eq. 121)
To calculate the velocities, a similar procedure is used. First, the vehicle-fixed velocity components for the connection are required:

Uconn =U=TYpnn TAZconn (Eq. 122)
Vconn =V = PZconn *T'Xconn (Eq. 123)
Weonn =W = AqXconn * PYconn (Eq. 124)

These velocities are next transformed to the earth-fixed reference system,

- VXC Uconn
Ve=[Vy, 1=A-[ Vconn 1  (Eq.125)
VZC Wconn

These earth-fixed velocity components are used in Eq. 117.
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Connection Moments

SIMON models roll, pitch and yaw moment transfers between connected vehicles. The roll and pitch moments are the result of a difference in roll or pitch angle
between connected vehicles, and the yaw moment results from friction in the connection.

Which transfers occur depends on the connection type:

Transfer Applies to

Roll moment (Eq. 127) Fifth wheel connections only

Pitch moment (Eq. 127a) Dollies with a hinged drawbar only
Yaw friction moment (Eq. 128) All connection types

A pintle eye or other hinged connection transfers no roll moment, because the joint is free in roll.
(updated: earlier editions gave the roll moment transfer without stating that it applies only to fifth wheel connections, and did not describe the pitch moment transfer at all.)

The roll moment is calculated as follows:
y=w,-w,., (Eq126)

Mxn = (¢n +1€0SY ~ ¢n )KFr‘amen + (d)n +1C0SY — ‘ﬁn)CFrame" (Eq. 127)

where
Symbol Definition
1% Yaw articulation angle between vehicles n and n + 1
KFrame, Frame torsional stiffness for vehicle n (user-entered)
Crrame, Frame torsional damping for vehicle n

For a dolly with a hinged drawbar the same treatment is applied about the pitch axis:
Myn =(On+qcosy -0, )KFramen +(0,41cosy -0, )CFramen (Eq. 127a)
where 0 is the vehicle pitch angle. The resulting moment is distributed to the trailing vehicle's front connection as a roll component - M y_siny and a pitch
n
component —M ,, cosy, mirroring the distribution of the roll transfer in Egs. 132 and 133.
n
(updated: the pitch moment transfer was not described in earlier editions.)

The friction moment is

_Sgn(?)yconn FZCO,m T'conns  for|y|>w

MEriction, = (Eq. 128)

[8pt] - (%)uConn FZCU,,,, Tconn» for |V| Sw

The friction moment opposes the articulation rate, and below the null band it is blended linearly through zero so that it does not chatter as the articulation reverses.

(updated: earlier editions omitted the moment radius from the low-rate branch and gave the moment without the sign that makes it oppose the articulation rate.)

where
Symbol Definition
u Friction coefficient at connection
Conn
Zomn Vehicle-fixed z-component of connection force (see Egs. 119 and 120)
Tconn Moment radius for connection
w Null band for friction torque at connection

The total moments from the rear connection of vehicle n are

My = Fy, To*foe Ty + Mpon, (Eq. 129)
Voo, = Fze, Tx+Fxe Tz (EQ.130)
M =~ Fxe, Ty *Fy, Tx*Mpriction,  (Eq.131)

And the total moments from the front connection of vehicle n + 1 are
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= - fycm rz+ szmmM ry - 1\4Rolln cosy (Eq. 132)

Xconny.
Voo = fae. Tx ¥ Fxe. Tz~ Mgoy,siny (Eq. 133)
Mzcw =~ fxcw ry+ f-Vc",, ry — Z\JFricL‘ionn (Eq. 134)

The total connection moments on vehicle n are

YMe=M +M (Eq. 135)

NRear NFront

Articulation Angle Limit

Each rear connection carries a

Maximum Articulation Angle
. If the yaw articulation angle between the two vehicles exceeds it, the event terminates with a message. This limit is a data check rather than a mechanical stop: the
connection does not resist reaching it, and the run ends rather than the articulation being restrained.

(updated: the articulation angle limit was not described in earlier editions.)

Connection Failure

A connection may fail during the event if it is overloaded. Failure is tested against both the connection force and the connection moments:

|fc| > F¢ max  on either vehicle (Eq. 135a)
IMy|> Mg pax o |My[> Mg pax o [M,|> Mg gy oneither vehicle (Eq. 135b)
Two qualifications apply:

« Neither test is made before the Connection Failure Start Time set in the Calculation Options dialog. This prevents a connection from failing on the transient of
the first few timesteps, before the vehicles have settled.

¢ A king pin connection cannot fail in compression. When the vertical connection force on a king pin is compressive it is excluded from the force magnitude of Eq.
1354, so only tension and shear can pull the connection apart.

When a connection fails, its forces and moments are set to zero and remain zero for the rest of the event; the connection does not re-engage. The moments the
connection had already contributed during the failing timestep are also backed out, so the failure does not leave a spurious moment on either sprung mass.

(updated: the connection failure model was not described in earlier editions.)

Dollys
Two types of dollys are supported by SIMON:

« Converter Dolly — The fifth wheel articulates about the pitch axis, and the drawbar is rigidly attached to the dolly. The result is that brake torque is resisted at
the pintle hook of the tow vehicle.

NOTE: Thus, trailer braking results in a vertical load transfer to the rear of the tow vehicle.
« Fixed Dolly — The fifth wheel is fixed to the trailer and is not free to articulate about its pitch axis. The drawbar is hinged.
NOTE: Thus, there is no load transfer to the tow vehicle.

The two dolly types are shown in Figure 4-18.
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Hinged Fifth Wheea!

Hinged Drawbar —/I

Figure 4-18: Converter (above) and Fixed (below) dollys.

Aerodynamics Model

SIMON includes a lumped parameter aerodynamics model that includes drag on all six vehicle surfaces (front, back, right, left, top and bottom), as well as two
additional, user-defined devices, such as a front or rear wing (see Figure 4-19). Air properties (temperature and pressure) are supplied by the Environment Editor,
allowing SIMON to study various effects, such as cross-wind, on vehicle handling performance.

Aerodynamic forces and moments produced by each surface act on the sprung mass. To compute these forces, the earth-fixed wind velocity must first be calculated,

= Vmeu SWina COS(WWind )
Vwing =1 Vyume 151 Swing sin(y o —m) 1 (EQ.136)
Vg Wind 0
where
Symbol Definition
Swind User-entered wind speed
Y wind User-entered wind direction relative to earth-fixed X-axis
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Earth

b A projected
“\I‘Eh

Figure 4-19: Aerodynamic forces and moments.

The earth-fixed components of the vehicle velocity vector are

R VXVeh u
Vven =l Vy,.,, 1=A"[ ‘lllv ] (Eq. 137)
VZVeh

Next, calculate the earth-fixed components of the total relative wind velocity acting on the vehicle,

Ny Xwina B . Vmed VXVeh
V =[Vy, 1=Vwina~Vven =l Vy,,, 1-[ Vy,,, 1 (Eq.138)

VZWM VZWind VZVeh

Finally, the vehicle-fixed components of the total relative wind velocity are computed:

waind Xwind
Vyenwing = [ Vyw,.nd 1= AT[ Vi (Eq. 139)
VZWind '

ZWind

SIMON uses HVE's aerodynamics model, which allows up to eight individual surfaces to produce aerodynamic forces and moments on the sprung mass: the six
vehicle surfaces (front, right, back, left, top and bottom) plus two user-defined devices.

(updated: the aerodynamics model has been extended since the Fifth Edition manual. The printed manual described a single drag coefficient per surface, producing one force component along
each vehicle axis. Each surface now carries three independent coefficients — Drag, Lift and Side — entered in the Aerodynamic Drag dialog, and each surface develops force in all three vehicle-
fixed directions. In addition, a surface now generates force only while the relative wind is actually striking it.)

Each surface in use has three aerodynamic constants, formed from its coefficients and projected area:

CyzA C/A Cs;A
CD:d_p Cp ==L P C5=s—p (Eq. 140)
2g 2g 2g
where
Symbol Definition
Cy,Cp,Cy Drag, Lift and Side coefficients for the surface
A Projected surface area
P Air density = PBarometric
GasConst - T gpsoiute
g Gravitational constant

Directional loading

A surface is loaded only when the relative wind strikes its outward face. For each surface, the driving term is the signed square of the relevant relative-wind

component, which is zero whenever the wind is blowing on the opposite face:
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_ _y2 . 2
Ty oyl UG plp Eew

The front, right, bottom and front-device surfaces use g ; the back, left, top and back-device surfaces use ¢ . Each uses the relative-wind component along its own

normal axis — V'

v, for the front, back and both devices, V' for the right and left,and V, for the top and bottom.
Wind VYwind ZWind

This means, for example, that a vehicle travelling forward loads its front surface but not its back surface, and a cross-wind from the right loads the right surface only.

Force on each surface

The drag constant always acts along the surface's own normal axis; the lift and side constants produce the cross-axis components:

Surface fx Ty i Driving term
Front Cpq -Csq -CLq q onVy, .
Right -Csq Cpa CLq qaoVy .
Back Cpq Csq CrLq q" on V xwing
Left Csq Cpa Craq q" on Vi
Top Crq Csq Cpq q onV, .
Bottom -Crq -Csq Cpq T onVy, .
Front device Cpq -Csq CLq q onV,, .
Back device Cpq Csq CrLaq q oV, .,

Because the force varies with the square of the relative wind speed, aerodynamic effects grow rapidly with speed and become significant in high-speed handling,

cross-wind and downforce studies.

NOTE: By default, the front surface is normally assigned aerodynamic properties. Assignment of aerodynamic properties for other surfaces is left up to the user.
A surface takes part in the calculation only if it has been given aerodynamic data.

Finally, the sum of the vehicle-fixed aerodynamic forces and moments is computed,

N
X Aero Zizl fXAero
F N
Faoro =0y, 1202 £y, 1 (B 142
F N
Z pero Zi . fZA”U
and
N
Xaero Zl':l (fZAWU Tyer ~ fyAero Tzcp)
V - - N
Mpero =UMy, 150 E7 Fano Tzer = Fars Txep) 1 (EQ.143)
M N _
Eaero Zi =1 (fyAe,-,, Txcp fXAero rycp)

(updated: the printed manual's third row of this moment equation contained a typographical error, using the z-coordinate of the center of pressure in place of the x-coordinate. The yaw moment is
the standard cross product of the center-of-pressure position with the surface force, as shown above.)

where
Symbol Definition
N Number of aerodynamic surfaces or devices in use
rcp Center of pressure for surface, i

These forces and moments are included in the dynamics engine (see Egs. 3 and 7).

Collision Pulse Table

SIMON allows a vehicle's motion during part of an event to be prescribed from a user-entered table rather than computed from the physics. This is used to study the
effect of forces the model does not itself produce, or to drive a vehicle along a measured trajectory. The table is entered from Set-up, Collision Pulse for the selected
vehicle, and one of three table types may be chosen.

Force and moment table

The table gives the vehicle-fixed force and moment components as a function of time. They are interpolated at the current time and added to the sprung mass force and
moment sums of Egs. 3 and 7. The forces act at a user-specified vehicle-fixed location, so they also produce a moment about the CG:
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Mpuise = Mrapie + T puise X Frable (Eq. 11a)

where T* pyjse is the vehicle-fixed location at which the pulse force is applied. This is the table type described in earlier editions of this manual, and it is the only one
that leaves the vehicle's equations of motion intact — the prescribed force is simply one more external force.

Velocity table

The table gives the vehicle's six velocity components as a function of time. Rather than being added as a force, the interpolated values are written directly into the
vehicle's velocity states and their accelerations are taken from the slope of the table. The vehicle therefore follows the tabulated velocities exactly, whatever forces are
acting on it.

A value is only applied if it is within range: a linear velocity component larger than 3500 in/sec, or an angular velocity component larger than 12.56 rad/sec, is ignored
and the corresponding state is left to the physics.

Position table

The table gives the vehicle's earth-fixed position and orientation as a function of time. The interpolated values are written directly into the vehicle's position and Euler
angle states, and its velocity states are taken from the slope of the table. The vehicle follows the tabulated path exactly.

NOTE: The velocity and position table types override the vehicle's equations of motion for as long as the table runs. The forces the vehicle would have needed
to follow the prescribed motion are not calculated, so quantities that depend on them — tire forces, suspension deflections and the Accident History delta-V —
should not be interpreted as physical results while a prescribed table is in effect.

(updated: earlier editions described only the force and moment table type. The velocity and position table types were added since.)

Sprung Mass Impact Model

SIMON uses HVE's DyMESH collision model to compute 3-dimensional forces and moments resulting from inter-vehicle collision. Simultaneous collision forces
between any number of vehicles are allowed. The DyMESH collision model is described in references 7 and 8. In general, vehicle-fixed force components are
calculated for each vertex. These forces are summed and the resulting summed forces and moments acting on the sprung mass are supplied to the dynamics engine
(see Egs. 3 and 7).

(updated: the current DyMESH implementation includes several capabilities beyond those described in the Fifth Edition manual:)

* Two selectable algorithm versions (Version 3 and Version 4) and two mesh smoothing models, selected in the DyMESH Options dialog (see Chapter 2).

¢ Vehicle-environment collision detection (Include Environment) with independent vehicle and environment start times.

« Tow vehicle/trailer mesh contact for articulated vehicles.

* DyMESH wheel contact and wheel damage. Each wheel can carry its own collision mesh. Collision forces acting on a wheel mesh are added to the sprung mass,
and forces exceeding the wheel's user-entered damage thresholds (Max No-Damage Force/Moment, Deformation Rate and Max Force/Moment — see the Event
Editor's Vehicle Wheels dialog) produce permanent wheel displacement and reorientation, which in turn affect the wheel kinematics of Eqs. 58-62.

o Wheel displacement capping. The collision-induced x-y displacement of a wheel during a timestep is tracked against the maximum contact movement of the wheel
mesh vertices for that timestep; the computed force-based displacement is capped so it can never exceed the actual contact motion, and no displacement is
produced when there is no mesh contact movement. This prevents overprediction of wheel set-back or track-width change in severe impacts.

Primary and secondary vehicles
DyMESH evaluates a collision between a pair of objects, treating one as the primary and the other as the secondary. The two roles are not symmetric, so SIMON

alternates them from timestep to timestep, and averages the resulting forces and moments over successive timesteps so that both treatments contribute to every step:

FCaIIisian = E(FCurrent + FPreviaus ), MCoIlisian = %(MCurrent + MPreviaus) (Eq. 144)

The averaging history is kept separately for each pair of colliding objects, so a vehicle involved in two simultaneous collisions does not mix the two. Wheel collision
forces and moments are averaged in the same way.

Alternation is suspended where the roles are not interchangeable: a fixed barrier or the environment is always the primary, because neither deforms.

(updated: primary/secondary alternation and collision force smoothing were not described in earlier editions. The smoothing model is selectable in the DyMESH Options dialog; see Chapter 2.)

Collision integration timestep

Collision forces rise and fall far more quickly than the forces governing ordinary trajectory motion, so SIMON integrates the collision phase with a separate, shorter
timestep. At each step the model tests whether any pair of objects is in contact; if so, the Collision Integration Timestep is used for that step, and otherwise the Vehicle

Trajectory Integration Timestep is used. Both are set in the Simulation Controls dialog.

The switch is made for the whole event, not per vehicle: if any pair anywhere in the event is in contact, every vehicle is integrated at the collision timestep for that
step.

(updated: the separate collision integration timestep was not described in earlier editions.)
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Impact and separation

The Accident History report records the position and velocity of each vehicle at impact and at separation. Impact is detected when the collision model first reports
contact between the pair. Separation is detected when contact between the pair is lost.

If the Accident History Basis calculation option is set to Use Impact Acceleration, separation is additionally detected when the total acceleration of both vehicles falls
below the Collision Acceleration Threshold, whichever occurs first:

Vai + ai +a% < arpresnolg  for both vehicles (Eq. 145)

(updated: earlier descriptions of this option stated that the choice governs both impact and separation. Impact is detected from collision contact regardless of the setting; the acceleration
threshold applies only to separation, and only as an additional condition alongside loss of contact.)
Velocity change
Two different velocity changes are reported, computed in different ways.

The Accident History delta-V is the magnitude of the vehicle's change in earth-fixed velocity between the impact and separation states:

2 2
AV =NV x s0p =V imp) *(Vy,sep = Vy,imp)’  (EQ. 146)
where each earth-fixed velocity component is formed from the vehicle's forward and lateral velocity and its heading at that instant. This is a planar quantity: the
vertical velocity change is not included.
The collision pulse delta-V, reported for each impulse in the Damage Data report, is instead obtained by integrating the vehicle's acceleration over the pulse using the

trapezoidal rule:

Aqulse + = (EI + aPrev )At (Eq- 147)

with the reported value being the largest magnitude reached before separation. This one is a full 3-D quantity.

(updated: neither velocity change calculation was described in earlier editions. The two are not interchangeable, and they will not agree exactly.)

Collision pulses

A vehicle may experience several distinct impulses during an event — a sideswipe followed by a secondary contact, for example. SIMON identifies each as a separate
collision pulse, up to a maximum of ten per vehicle. Exceeding that limit terminates the event.

A pulse begins at the first timestep at which the collision model reports force on the vehicle. It is closed only once contact has been absent continuously for 0.025
seconds: on every timestep that contact persists, a provisional closing deadline is set that far ahead, so the deadline rolls forward and the pulse survives any
interruption shorter than that. Contact that resumes before the deadline rejoins the pulse already in progress against that partner rather than opening a new one. The
intent is that the intermittent contact typical of two vehicles disengaging is reported as one collision rather than a string of small ones.

NOTE: A distinct secondary contact separated from the previous one by less than 0.025 seconds is absorbed into the earlier pulse — its impulse contributes to
that pulse's PDOYF, its acceleration to the pulse's delta-V, and the vertices it touches to the pulse's CDC — with nothing in the report to indicate that a separate
contact occurred. Where a secondary contact is suspected, examine the collision force in the Variable Output, Kinetics group rather than relying on the number
of pulses reported.

While a pulse is in progress SIMON records:

« the peak total collision force and the time it occurred;

o the peak total acceleration;

« the principal direction of force, computed from the direction of the accumulated collision impulse as an azimuth and a zenith angle, together with the equivalent
clock direction;

o the impulse center, the force-weighted average position of every mesh vertex carrying force during the pulse;

e the collision deformation classification surface, taken from the surface in contact at the start of the pulse.

The principal direction of force and the delta-V are both frozen once separation is declared, so neither is affected by residual contact afterwards.

(updated: the collision pulse data were not described in earlier editions. Note in particular that the PDOF reported for a pulse is the direction of the impulse accumulated over the whole pulse,
not the direction of the peak collision force; an earlier edition of this section stated the latter.)

Software Implementation
The above physics model and component modules are implemented in a single HVE-compatible physics model, named SIMON.

SIMON is programmed using the C programming language. It is a modular program and includes several C functions to perform specific tasks. A general flow chart
for SIMON is shown in Figure 4-20.
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The equations of motion are advanced with a fixed-step Runge-Kutta integrator. The step size is the Vehicle Trajectory Integration Timestep, or the Collision
Integration Timestep while any pair of objects is in contact (see

Sprung Mass Impact Model — Collision integration timestep
). The wheel spin and steer degrees of freedom are advanced separately at the tire force timestep.

(updated: the integration method was not stated in earlier editions.)
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Figure 4-20: Flowchart for SIMON main calculation procedures.
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Chapter 5 — SIMON Tutorial

Description

The SIMON Tutorial investigates the effects of an ABS braking system on a combined braking and steering maneuver. The example uses an ISO 3888 lane-change
maneuver to illustrate how ABS brake systems improve vehicle controllability during severe (limit) maneuvers.

Like all SIMON events, the procedures used in the tutorial involve the following basic steps:

« Creating the vehicle(s)

« Creating the environment

« Executing the SIMON event(s)

* Reviewing the SIMON output reports

This basic procedure is described in detail in this tutorial.

NOTE: It is assumed that HVE is up and running, and that the user is familiar with HVE's basic features, such as using HVE's dialogs, viewers and editors. The

purpose of this tutorial is to illustrate those features while setting up and executing a SIMON event.

NOTE: If you are new to HVE and are not familiar with HVE's basic features, you should perform the HVE Tutorial (see HVE User's Manual, Chapter 32)
before proceeding with the SIMON Tutorial.

Getting Started

As in other tutorials, before we get started, let's set the user options so we're all starting on the same page.

NOTE: Most options simply affect the appearance in a viewer during Event or Playback mode. However, some options affect the data used in the analysis. For
example, if AutoPosition is On, the vehicle position conforms to the local surface; otherwise, the position is set by the Position/Velocity dialog. Obviously, the

resulting difference in initial conditions could substantially change the event.

NOTE: Some of the following options are "toggles" that switch between two different modes. Make sure these options are set correctly.

To set the initial user options, choose the following from the Options Menu:

« Show Key Results

¢ Hide Axes

« Hide Contacts

« Hide Velocity Vectors

¢ Show Skidmarks

¢ Show Targets (this is required for our HVE Driver Model)
¢ AutoPosition On

¢ Units equals US

¢ Render Options:

e Show Humans as Simple

¢ Show Vehicles as Actual

« Phong Shading Mode

« Complexity equals Object

« Render Quality equals 5

o Texture Quality equals 1

« Anti-aliasing equals 1

« Playback Options:

¢ Playback Interval equals 0.01 seconds

The remaining options will automatically initialize to their default conditions. We're now ready to proceed with the tutorial.

Our goal is to use SIMON to simulate an ISO 3888 lane-change maneuver with and without anti-lock braking (ABS). This tutorial describes how to perform these
simulations.

Creating the Vehicle

First let's add the vehicle to our case. The vehicle is a 2001 Cadillac Catera 4-Dr Sedan. It is fitted with a 4-wheel disc brake system that includes ABS at each wheel.
Let's load the vehicle:
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1. If the Vehicle Editor is not the current editor, choose Vehicle Mode. The Vehicle Editor is displayed.

2. Click Add New Object. The Vehicle Information dialog is displayed. The Vehicle Information dialog allows the user to select the basic vehicle attributes
according to Type, Make, Model, Year and Body Style.

NOTE: The Vehicle Information dialog also allows you to edit the Driver Location, Engine Location, Number of Axles and Drive Axle(s).

1. Using the option buttons, choose the following vehicle from the Vehicle Database:
2. Type = Passenger Car

3. Make = Cadillac

4. Model = Catera

5. Year = 1997-2001

6. Body Style = 4-Door

7. Source Database = Tutorial.db

8. Drive Axle = Axle 2

9. Click OK to add the Cadillac Catera to the Active Vehicles list.

The Cadillac Catera is displayed in the viewer, as shown in Figure 5-1.

e U Vew FoR St MR Optow el
DEE [E 4 & Cadibaz Conera 00 -
a=@T e ? ¥

Figure 5-1: 2001 Cadillac Catera used in the ISO 3888 Lane-Change Maneuver.

Editing the Vehicle
Like all vehicles in the EDC Vehicle Database, the Cadillac Catera comes out of the database just as it comes off the showroom floor. However, there is one feature we
need to check: the ABS system.

NOTE: In the current version of the EDC Vehicle Database, if a vehicle had the factory option for ABS, ABS is enabled by default.

To check to see if the ABS system is enabled, perform the following steps:

1. Click on the vehicle's brake system icon (i.e., the brake pedal — you may need to look at the vehicle's undercarriage to locate the brake pedal). The Brake System
dialog is displayed (see Figure 5-2).

2. Ensure the ABS Installed checkbox is marked to activate the vehicle's ABS system.

3. Press OK to remove the Brake System Data dialog.

The Cadillac Catera is now ready for our ISO lane-change maneuver.
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Brake System Data: Cadillac Catera 4-Dr Elﬁ_?.

Pedal Ratio (psifl): | — ———————————— | | 17.56

v ABS Installed Edi...

oK, | Cancel ‘

Figure 5-2: Brake System Data dialog, with the ABS Installed checkbox marked. Note that the Edit button becomes enabled after clicking the checkbox.

Creating the Environment
Now, let's add the environment:

1. Choose Environment Mode. The Environment Editor is displayed.

2. Click on Add New Object. The Environment Information dialog is displayed.

3. Using the Location Database combo box, choose Detroit, Michigan, USA. The latitude (42.23.00N), longitude (85.05.00W) and GMT hours from the prime
meridian (-5.00) are displayed for the selected location.

4. Edit the date and time of the experimental study: 10/02/2001 and 1500, respectively.

5. Edit the angle from true north to the earth-fixed X axis in our environment: 165 degrees.

NOTE: The Latitude, Longitude, GMT, Date/Time and angle from true north are used to position the sun in the scene. This is, of course, important because the
sun is the primary light source for the scene.

1. Edit the default environment name; enter ISO 3888 Lane-Change Course.
2. To add the environment geometry file to our case, click on Open. The Environment Geometry File browser is displayed.

3. Click on the Files of Type option list and choose files of type HVE Geometry Files (*.h3d). A list of environment geometry files using the HVE file format is
displayed in the file browser. Double-click on IsoLaneChangeb.h3d to choose the environment file and remove the dialog.

4. Press OK.

The selected environment is added to our case and displayed in the Environment Viewer (see Figure 5-3). Manipulate the viewer to view the scene.

Page 84 of 109



HVE — SIMON Engineering Dynamics Company

HVE - Untitled (Untitled) =1E3
File Edit “ew Mode Set-up 3-DEdit Options Help
W= = Al g EIISO 3888 Lane-Change Course j O i< < » > 0.0000 0.0000
} » & & f)
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Rotx Roty [T LTI 0 Dolly

Figure 5-3: Environment for ISO 3888 Lane-Change Maneuver.

Saving the Case

Now that we've created all the objects (vehicle and environment) for our case, let's save the case file.

1. Click on the File menu and choose Save. The Save-as File Selection dialog is displayed.
NOTE: The Save-as dialog is displayed because the case has not been saved previously, so we need to enter a filename.
1. In the Case Title text field, replace Untitled with SIMON Tutorial Case.

NOTE: The Case Title is displayed as a heading on all printed output reports.
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1. Place the mouse cursor in the Filename text field and enter SimonTutorial.

2. Click SAVE. The current case data are saved in the hve/supportFiles/case subdirectory.

NOTE: Saving the file occasionally is a highly recommended practice.

Creating the Events

Our SIMON Tutorial will include several events. They are both ISO 3888 lane-change maneuvers. The events are identical, with one exception: the first event uses
ABS, while the second has ABS disabled. Let's proceed by creating, setting up and executing our first event.

ISO Lane-Change with ABS
To create the first event, perform the following steps:

1. Choose Event Mode. The Event Editor is displayed.

2. Click on Add New Object. The Event Information dialog is displayed.
3. Select Cadillac Catera from the Active Vehicles list.

4. Select SIMON from the Calculation Method options list.

5. Enter a name for the event: ISO Lane-Change, w/ABS.

NOTE: HVE will append the name of the calculation method to the event name, thus the complete event name will become "SIMON, ISO Lane-Change,
w/ABS."
1. Press OK to display the Event Editor.
Now we're ready to set up the first event:

1. Choose Set-up from the menu bar and select Position/Velocity. The Cadillac Catera is displayed at the earth-fixed origin. The Position/Velocity dialog displays the
position and velocity for the Initial path position (see Figure 5-4).

2. If the Cadillac is not visible in the viewer, manipulate the viewer until the Cadillac becomes visible.
3. Using the Position/Velocity dialog, enter the vehicle's initial position: X = -80.0 ft, Y = 0.0 ft. Its initial heading angle is 0.0 degrees and need not be modified.

| NOTE: Adjust the viewer by dollying back (using the Dolly thumb wheel) until you can see enough of the entire scene.
1. Click the Velocity Is Assigned checkbox. Enter the initial velocity: 55 mph.

| NOTE: Remember to press Apply or \<Enter> after entering a value; otherwise the value is not assigned!

Zesm s | v WD Desy

(Pex Fhay ST TW

Figure 5-4: Event Editor, setting up our first SIMON event. The Position/Velocity dialog is used for assigning the Cadillac's initial position and velocity.

Page 86 of 109



HVE — SIMON Engineering Dynamics Company

Steering Input
The vehicle initial conditions are now established. Let's enter the driver controls.
Because the ISO lane-change maneuver has a pre-defined path, our tutorial is a perfect application for the HVE Driver Model [4]. By defining the same driver model
and path for both events, our experiment has only one variable (i.e., with and without ABS). To set up the HVE Driver Model, perform the following steps:
1. Click on the Set-up Menu and select Driver Controls. The Driver Controls dialog is displayed with an empty steer table.
2. Click on the HVE Driver tab. The HVE Driver Model (Path Follower) dialog is displayed.
3. Click the Use Path Follower checkbox.
4. Click on the Driver Data tab. The Driver Data page is displayed.
5. Increase Driver Comfort Level to 1.0 g.

6. Press OK to dismiss the Driver Controls dialog.
‘We now need to assign the target positions required by the HVE Driver Model. Use the Position/Velocity dialog to assign the target positions shown in Table 5-1.

Table 5-1 Position and heading angle for each target position.

Path Position X-coord (ft) Y-coord (ft) Heading (deg)
Initial -80.0 0.0 0.0
Begin Perception 50.0 0.0 0.0
Begin Braking 148.0 -11.5 0.0
Impact 325.0 -11.5 0.0

To assign these target positions, perform the following steps:

NOTE: The Initial position has already been entered.

1. Click on the Path Location list and choose Begin Perception. Then enter the data shown in Table 5-1 for the Begin Perception position.
2. Click on the Path Location list and choose Begin Braking. Then enter the data shown in Table 5-1 for the Begin Braking position.

3. Click on the Path Location list and choose Impact. Then enter the data shown in Table 5-1 for the Impact position.

NOTE: The actual names of these target positions (e.g., Impact) are irrelevant to the HVE Driver Model.

NOTE: Remember to press Apply or \<Enter> after entering each position; otherwise it is not assigned!

After assigning all the target positions, the Event Editor should appear as shown in Figure 5-5.

. G e Male S SOLE Opws e
W £ W SN0R (50 Lane Chnnge, WS+ O
T LEELE ] L

Figure 5-5: Event Editor, after assigning the target positions used by the HVE Driver Model.
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Brake Input

The brake input for our maneuver is very simple: we're simply going to apply a very large pedal force (say 120 1b) at the start of the steering maneuver. To enter the
brake table, perform the following steps:

1. Click on the Set-up menu and select Driver Controls. The Driver Controls dialog is displayed.

2. Click on the Driver Controls dialog's Brake tab. The Brake Pedal Force table is displayed.

3. Enter the times and pedal forces as shown in Table 5-2.

4. Press OK to accept the brake table.

Table 5-2 Brake Table.

Time (sec) Pedal Force (Ib)
15 0.0
1.6 120.0

The brake table is now ready for our event.

Let's make one more (rather subtle) change before we execute the event. Because the ABS system will modulate the brake pressure at a relatively high frequency, we
should reduce the simulation output time interval to 0.01 seconds from its default value of 0.10 seconds. This change will ensure that we capture the detail in the
wheel brake pressure modulation.

1. Click on the Options menu and select Simulation Controls. The Simulation Controls dialog is displayed.
2. Edit the default Output Time Interval, changing it to 0.01 seconds.

3. Press OK to accept the new value.
NOTE: The smaller output interval will increase the execution time.

Now, we're ready to execute the event.
« Using the Event Controller, click Play to execute the event.

Note that the vehicle successfully negotiates the lane change maneuver, even with a heavy brake application. The vehicle comes to a stop after travelling
approximately 120 ft. The average deceleration is 0.80 g. Figure 5-6 shows the vehicle at its rest position. Note also the faint tire marks caused by tire scuffing.

Lotk o A e

Figure 5-6: 1SO Lane-Change Maneuver, w/ABS.

NOTE: If you remove the pavement texture, you can see a faint tire mark!
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ISO Lane-Change without ABS

We have now completed the first SIMON event. Let's repeat the test with the ABS disabled. To disable the ABS, we need to go to the Vehicle Editor and work on the
brake system:
1. Choose Vehicle Mode. The Vehicle Editor displays the Cadillac Catera.
2. Click on the vehicle's brake system icon (i.e., the brake pedal — you may need to look at the vehicle's undercarriage to locate the brake pedal). The Brake System
dialog is displayed (as shown earlier in Figure 5-2).
3. Click on the ABS Installed checkbox to disable the ABS.
4. Press OK to remove the Brake System dialog.

To create the next event, perform the following steps:

1. Choose Event Mode. The Event Editor is displayed.

20 E S oy Of 150 Lane-Change, v

SIMOM, Copy OF 150 Lane-Change, wisBS

0K | Canecel

Figure 5-7: Making a copy of the ISO Lane-Change, w/ABS event.
‘We have a choice now. One way to create our next event is to duplicate the steps used while setting up the first event. But there is a much better way!
1. Click on the Edit menu and choose Copy. The Copy Event dialog is displayed (see Figure 5-7).

2. Enter a name for the new event: ISO Lane-Change, w/o ABS.

NOTE: HVE will append the name of the calculation method to the event name, thus the complete event name will become "SIMON, ISO Lane-Change, w/o
ABS."
1. Press OK to display the Event Editor.

A duplicate of the first event has been created and set up, and we're ready to execute the lane-change maneuver simulation without ABS enabled.

1. Using the Event Controller, click Reset.
2. Click Play to execute the event with the ABS disabled.

Note that the vehicle's brakes lock and it does not successfully negotiate the lane change maneuver. The vehicle skids straight, running over the cones, and coming to a
stop after travelling approximately 140 ft. The average deceleration is 0.66 g. Figure 5-8 shows the vehicle at its rest position. Note also the dark skidmarks caused by
locked-wheel braking.
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B R -

Figure 5-8: 1SO Lane-Change, w/o ABS.

Viewing Results

Now that we have produced our SIMON simulations of an ISO 3888 lane-change maneuver with and without ABS, let's take a detailed look at the results. The
Playback Editor is used for reviewing and printing reports for each event in the current case, as well as for producing videos.

SIMON produces the following reports:

* Messages — A list of messages produced by the current run

¢ Accident History — A table of initial and final positions and velocities

« Driver Data — A table of the driver controls used for the current run

« Environment Data — A list of the visual and physical environment parameters used by SIMON

« Event Data — A table of event-related SIMON options used in the current run

¢ Vehicle Data — A series of tables containing the vehicle data used by SIMON, including tire blow-out information
¢ Program Data — A table containing program control information

¢ Variable Output — A table containing user-selectable, time-dependent simulation results

« Trajectory Simulation — A 3-D visualization of the event, displayed at a user-selectable time interval

« Damage Profiles — A 3-D visualization of the vehicle damage, displayed at a user-selectable time interval

NOTE: The Damage Profiles report is available only for SIMON events using the DyMESH collision algorithm. The events in this tutorial do not produce a
Damage Profile report.

To view the output reports, we need to be in Playback mode:

¢ Choose Playback Mode. The Playback Editor is displayed.

NOTE: Our tutorial uses the ISO Lane-Change, w/ABS event to illustrate the procedures for viewing output reports. You can use the same procedures for
viewing reports for the ISO Lane-Change, w/o ABS event.

Report Windows

The reports listed above are displayed by selecting Report Windows. Each Report Window contains an individual report.
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Report Window Information ? X

Active Events

SIMON, ISO Lane-Change, w/ABS
SIMON, ISO Lane-Change, w/o ABS

Event Status :  Executed

Name : [SIMON, ISO Lane-Change, wio ABS |

Report Type

Accident History

Damage Profiles
Driver Controls
Environment Data
Event Data
Messages
Program Data
Traj Sim

Variable Output
Vehicle Data

Select All Clear All

| OK | Cancel

To view the reports produced by the SIMON, ISO Lane-Change, w/ABS event, perform the following steps:

Engineering Dynamics Company

Figure 5-9: Report Window Information dialog, displaying the name of each event in the current case.

1. Click Add New Object. The Report Window Information dialog is displayed, as shown in Figure 5-9, and includes a list of the active events. The Report Window

Information dialog also includes the user-editable Report Window Name text field and the Report Type list.

2. Select SIMON, ISO Lane-Change, w/ABS from the Active Events list.

3. In the Report Type list, select one or more of the available reports. Select All selects every report; each selected report opens in its own Report Window.

4. Press OK to display the report.

The selected report will be displayed in a resizable window. The following sections illustrate the reports produced for the SIMON, ISO Lane-Change, w/ABS event.

Messages

SIMON produces a number of messages, depending on the outcome of the event. For a complete listing and explanation of the messages, refer to Chapter 6.

2, Messages-SIMON, 1SO Lane-Change, w/ABS

MESSAGES

Ho Messages

Figure 5-10: Messages Report for SIMON, ISO Lane-Change, w/ABS.

To view the Messages report: Add a new Report Window, select the event, choose Messages from the Report Type list and press OK. The Messages report is displayed

as shown in Figure 5-10.

Accident History

The Accident History report displays the time and total distance traveled, as well as the position and velocity at the start and end of the run.
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Accident History-SIMON, IS0 Lane-Change, wfABS

time x Y Heading Vot il v Faw Vel

[sec] [EL] [EL]  (ded) {mph}  (mph}]  (mph) (deg/sec)
-Start of Simulation-
Tutorial - Cadillac C 0. 0000 -g0.0 0.0 0.0a 55.0 55.0 0.0 0.0
--- At Final/Rest ---
Tutorial - Cadillac C 4, 6026 165.0 -11.4 i 0.0 0.0 0.0 0.0

v

& >

Figure 5-11: Accident History Report for SIMON, ISO Lane-Change, w/ABS.
To view the Accident History report: Add a new Report Window, select the event, choose Accident History and press OK. The Accident History report is displayed as

shown in Figure 5-11.

Driver Data

The Driver Data report displays the parameters used by the HVE Driver Model and the Braking and Throttle (open-loop) driver tables.

Driver Data-SIMON, ISO Lane-Change , wfABS

Driwver Controls for: Tutorial - Cadillac Catera

PATH FOLLOWER (CLOSED-LOOP) DREIVER MODEL

Driwer Start Time ([sec): 0.0000

Driver Sample Interwal (sec): 0.1000

Driwer Preview Time ([sec): 1.0000

Path Error Null Dist (f£t): 1.00

Lat. Accel. for Driver Discomfort (o): 1.00
Fath Follower Method: Variable Steer

Initial Steer Angle (deg): 0.00

Max Steer Welocity (degssec): 720,00

Steer Correction Rate (degfsec): 480,00

Steer Correction Damping (deg): 24.00

PATH TARGET POSITIONI

Target X-Coord F¥-Coord Z-Coord Roll Pitch Yaw
Ha. [£L] [£L] (£L] {deq) {deq) {deq)

1 -80.00 0.00 -2.00 0.00 0.00 0.00

2 50.00 0.00 -2.00 0.00 0.00 0.00

3 145.00 -11.50 -2.00 0.00 0.00 0.00

4 J&5.00 -11.30 -Z.00 0.00 0.00 0.0o

DEIVER CONTROL TABELES (OPEN-LOOF)

Pedal Throttle
Time Force Tine Pozition
[5ec) [1h) [5ec) (%/100)
1.5000 0.00 0.0000 0.00
1.6000 120.00 o
b
£ >

Figure 5-12: Driver Data Report for SIMON, ISO Lane-Change, w/ABS.

To view the Driver Data report: Add a new Report Window, select the event, choose Driver Data and press OK. The Driver Data report is displayed as shown in
Figure 5-12.

Environment Data

The Environment Data report displays the physical and visual parameters describing the environment.
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%, Event Data-SIMON, ISO Lane-Change, wfABS

WEHICLE EVENT DATX
Ewent Data for Cadillac Catera 4-Dr:
Payload Information: (No Fayloads)
Accelerometer Information: (No Accelerometers)
Collision Pulse Information: (No Collision Pulse)
Event Wheel Data, First ixle ---
Theel Damage: (WMo Displaced Theels)
Erake Assemhly Data: (Generic Brakes; No Brake Data)
Tire Blow-outs: (No Tire Blow-outs)
Ewvent Wheel Data, Jecond ixle ---
Theel Damage: (No Displaced Theels)
Erake Assembly Data: [(Generic Brakes:; No EBrake Data)

Tire EBElow-outz: (No Tire Elow-outs)

Engineering Dynamics Company

Figure 5-13: Environment Data Report for SIMON, ISO Lane-Change, w/ABS.

To view the Environment Data report: Add a new Report Window, select the event, choose Environment Data and press OK. The Environment Data report is

displayed as shown in Figure 5-13.

Event Data

The Event Data report displays the event-related parameters (payload, accelerometer, wheel displacement, brake and tire blow-out).

%, Event Data-SIMON, ISO/ Lane-Change, w/ABS

WEHICLE EVENT DATA
Event Data for Cadillac Catera 4-Dr:
Payload Information: (Ho Payloads)
Accelerometer Information: (No Accelerometers)
Collision Pulse Information: (No Collision Pulse)
Ewent Wheel Data, First axle ---
Theel Damage: (No Displaced Wheels)
Erake Assemhly Data: (Generic Brakes; No Brake Data)
Tire Blow-outsz: (No Tire Blow-outs)
Ewent. Wheel Data, Second ixle -——
Theel Damage: (Mo Displaced Theels)
Erake Assemhly Data: (Generic Brakes: No Brake Data)

Tire Blow-outs: (No Tire Blow-outs)

Figure 5-14: Event Data Report for SIMON, ISO Lane-Change, w/ABS.

To view the Event Data report: Add a new Report Window, select the event, choose Event Data and press OK. The Event Data report is displayed as shown in Figure

5-14.
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Vehicle Data

The Vehicle Data report for SIMON contains all the vehicle data groups (Sprung Mass, Suspensions, Tires, Brakes, etc.).

Engineering Dynamics Company

To view the Vehicle Data report: Add a new Report Window, select the event, choose Vehicle Data and press OK. A portion of the Vehicle Data report is shown in

Figure 5-15.

NOTE: The SIMON Vehicle Data report is too large to fit in the viewer. Use the scroll bars to view the entire report.

Program Data

Vehicle Data-SIMON, ISO Lane-Change, w/ABS

WEHICLE DATA

General Information ---
Wehicle Name:
Vehicle Type:
Wehicle Make:
Wehicle Model:
Wehicle Year:
¥ehicle Eody Style:
Version No:
Humbher of Awxles:
Driwer Locatiomn:
Engine Location:
Drive axle(s):

Sprung Mass Dimensional Data ---
Owerall Length [(in):
Owerall Width (in):
Owverall Height (in):
Ground Clearance (in):
Theelbase (in):
CG to Front Axle (in):
CG to Back Axle (in):
CG Height (in):
Front Owerharng (in):
Rear Owverhang (in):

Sprung Mass Inertial Data ---
Total Weight (1lb):
Sprung Weight (1b):
Sprung Mass (lb-sec*2/in):
3prg Mass Rot Inertia (lb-sec*2-in) - Roll:
Fitch:
Taw:
XE Product:

Sprung Mass Aerodynamic Parameters ---
Surface Name:
Drag Coefficient:
Proj. Surface area (in*2):
Center of Pressure (in) - =:
'H
i

Erake System Data ---
Erake Pedal Ratio (psiflb):

ABS Swatenm:

AFS Controller Location:
Sanple Method:

Delay Method:

Threshold Pressure (psi):
Threshold ¥elocity (mph):

Tutorial - Cadillac Catera
Passenger Car
Cadillac
Catera
1997-2001
4-Door

W 5.10 (RCS gBRevision: 1.10

2
Left Side
Front Engine
Axle 2

195,50
70.40
57.70

107.48
48.93
—-5G.55
24.00
40.07
45.895

3B67.80
3p67.86

2380.07
1a103.06
23380.24

Front
0.3800
3079, 29
89.00

1756

Tire 3lip Algorithm
Thiz WVehicle
TTheel-Based
TTheel-Based

10,00
4.00

>

Figure 5-15: Vehicle Data Report for SIMON, ISO Lane-Change, w/ABS (only a portion of the total report is shown).

The Program Data report includes the simulation control parameters and other run-time information.
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GENERAL FPROGRAM

SIMON Version No:

Simalation Controls ---

Integration Method:

Maximun Simulation Time (sec):
Integration Timestep (sec):
Output Interval (sec):

Linear Term Vel [(mph):

Angular Term Vel (deg/ssec):

Caleulation Options ---

GetiurfaceInfo:
Tire Maodel Method:

N Program Data-SIMON, ISO Lane-Change, wiABS

INFORMATION

Fixed Runge-Kutta

3.
0.
0.

0oon
00z5
0Lon
2.00
5.00

From Prewious Polygon
Semi-empirical

Steer Degree O0f Freedom:
Articulation Option:
DyMESH Option:

0ff
On
HER

Engineering Dynamics Company

Figure 5-16: Program Data Report for SIMON, ISO Lane-Change Maneuver.

To view the Program Data report: Add a new Report Window, select the event, choose Program Data and press OK. The Program Data report is displayed as shown

in Figure 5-16.

Variable Output

The Variable Output report is a table of user-selectable, time-dependent simulation results for the current event. To view the Variable Output report: Add a new Report

‘Window, select the event, choose Variable Output and press OK.

The Variable Output report is displayed for the SIMON, ISO Lane-Change, w/ABS event. The table is initially empty, so the next step is to select the time-dependent

results we wish to display in the table.

Variable Selection

The purpose of our SIMON study is to simulate the effects of the ABS brake system on a lane-change maneuver during heavy braking. To document the resulting path,

as well as some other pertinent results, let's select the CG path coordinates, velocity and acceleration from the Variable Selection dialog.

¢ Click on Select Variables in the SIMON, ISO Lane-Change, w/ABS Variable Output window. The Variable Selection dialog for Cadillac Catera 4-Dr is displayed,

as shown in Figure 5-17.
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Variable Selection: SIMON, ISO Lane-Chan... ?
Object Name : |Cadi||ac Catera 4-Dr v |
Current Group : |Kinematics |
Output Groups : Variables :
[Kinemaiics ———————JIF;
Kinetics Y
Accelerometers - Locn 1 z
Accelerometers - Locn 2 Roll
Accelerometers - Locn 3 Pitch
Accelerometers - Locn 4 Yaw
Accelerometers - Locn 5 Radius
Tires - Axle 1, Right, Outer Nu
Tires - Axle 1, Right, Inner V Tot
Tires - Axle 1, Left, Outer Sideslip
Tires - Axle 1, Left, Inner u-vel
Tires - Axle 2, Right, Outer v-vel
Tires - Axle 2, Right, Inner w-vel
Tires - Axle 2, Left, Outer Speedometer
Tires - Axle 2, Left, Inner Yaw Vel Err
Tires - Axle 3, Right, Outer Roll Vel
Tires - Axle 3, Right, Inner Pitch Vel
Tires - Axle 3, Left, Outer Yaw Vel
Tires - Axle 3, Left, Inner Acc Tot
Wheels - Axle 1, Right u-dot
Wheels - Axle 1, Left v-dot
Wheels - Axle 2, Right w-dot
Wheels - Axle 2, Left Fwd Acc
Wheels - Axle 3, Right Lat Acc
Wheels - Axle 3, Left Vert Acc
Connections Travel Dist
Drivetrain p-dot
Driver g-dot
r-dot
KE Trans
KE Rot
KE Total
Clear All Selections Clear Selection
Cancel

Figure 5-17: Variable Selection dialog for the Cadillac Catera 4-Dr.

The Kinematics Output group is the default selection and the Kinematics variable list is displayed. Let's add the System Brake Pressure and the Right Front and Right
Rear Wheel Brake Pressures to the Key Results window:

1. Select the Driver Output Group and then select Brake System from the Variables list.

2. Select the Wheel, Axle 1, Right Output Group and then select Brake Press from the Variables list.
3. Select the Wheel, Axle 2, Right Output Group and then select Brake Press from the Variables list.
4. Press OK to add the selected variables to the Variable Output table.

The Variable Output report for the SIMON, ISO Lane-Change, w/ABS event now includes the selected results (see Figure 5-18).
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Graph... Ed.. |
~
Cadillac Cater Cadillac Cater Cadillac Cater
Axle 1. Righ &ule 2, Righ
Brake Spstem Brake Press Brake Presz
[psi] [psil [psi]
210717 1365.89 20717
210717 1365.89 20717
210717 1365.89 20717
210717 1365.89 205717
210717 1365.89 1957.17
210717 133089 185717
210717 1440.89 175717
210717 1490.89 165717
210717 1540.89 185716
210717 1590.89 145716
210717 1640.89 135716
210717 1690.89 125716
210717 1740.89 115716
210717 1790.849 1057.16
210717 1790.89 100716
210717 1790.89 100716
210717 1730.89 100716
210717 1790.89 100716
210717 1790.89 100716
210717 1690.89 103216
210717 1590.58 108216
210717 1490.584 113216
210717 144058 118216
210717 144058 123216
210717 1440.88 128216
210717 144088 133216
210717 1440.58 138216
210717 14E5.88 143216 -
»

Figure 5-18: Variable Output Report for SIMON, ISO Lane-Change, w/ABS.

Graphing Results

It is easy to graph the results displayed in the Variable Output table: press Graph. The selected results are displayed vs. Time, as shown in Figure 5-19.

Data Graphing: SIMON, IS0 Lane-Change, wfABS

3000.004 — Brake System
Axle 1, Right, Brake Press
Axle 2, Right, Brake Press|

2260 00

g 1500 00 ;
750.00- |
0.00- — T T .
0.0000 1.2500 25000 3.7500 5.0000
Time(sec)
oK, ‘ Cancel

Figure 5-19: Graph of master cylinder pressure and right front and right rear wheel brake pressures.
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NOTE: The variables selected for graphing must have the same units.
NOTE: Only the first six variables are graphed.

NOTE: Results from the Variable Output table can also be exported to other applications (e.g., Excel).

Trajectory Simulation

Let's display a trajectory simulation for this event. To view the Trajectory Simulation: Add a new Report Window, select the event, choose Trajectory Simulation and
press OK.

The Trajectory Simulation viewer is displayed for the SIMON, ISO Lane-Change, w/ABS event (see Figure 5-20). The viewer shows the vehicle at its initial position.

To visualize the motion, perform the following steps:

1. Click Play (single right-arrow). The simulation begins and is displayed at the current Playback output interval.
2. Click Pause. The simulation stops.

3. Click Reverse (single left-arrow). The simulation plays in reverse.

4. Click Pause. The simulation stops.

5. Click Rewind (left arrow with bar). The simulation returns to the start.

6. Click Advance to End (right arrow with bar). The simulation advances to the end of the run.
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Figure 5-20: Trajectory Simulation Report for SIMON, ISO Lane-Change Maneuver.

Printing
The final step is to print the above reports. Printing reports is simple. All you do is choose a report and print it. For example:

1. Click on the dialog header of the Variable Output — SIMON, ISO Lane-Change, w/ABS report. The dialog header is highlighted and the Variable Output window
pops to the top of the display (if it isn't there already), indicating it is the current window.

2. Click on the File menu and choose Print. The Print dialog is displayed, allowing the user to select from several available print options.
NOTE: Alternatively, you can click on the print icon in the upper menu bar.

1. Press OK. The Variable Output report is printed on the system printer.

That's all there is to it! You can print any other report using the same three steps described above.
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NOTE: The Print dialog provides several options. Refer to the HVE User's Manual for more information.

NOTE: The font size of both the printed reports and screen display may be edited by clicking on the Options menu and choosing Preferences. Use the Font Size
option list to change the size.
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Chapter 6 — Messages

Messages can be issued by either the operating system, HVE or SIMON. Some of the more common operating system messages are described in the Appendix. A
more thorough discussion of operating system messages may be found in the operating system manual.

Messages produced by HVE are described in the HVE User's Manual, Appendix II.

Some conditions detected by SIMON halt the event and are reported by HVE as an Event Termination dialog rather than as an entry in the SIMON Messages report.
These identify the vehicle, axle, side and wheel involved. The suspension terminations — Excessive Suspension Force, Excessive Suspension Deflection, Excessive

Suspension Velocity, and the two DyMESH wheel impact terminations — are described with their limits under Suspension Force in Chapter 4 — Calculation Method.
Messages issued by SIMON appear in the SIMON Messages output report and may be one of three types:

« Fatal Messages (Level 1) — These messages halt execution and are caused by the program's inability to continue the calculation procedure based on
intermediate results that are inconsistent or incompatible with basic program assumptions.

« Diagnostic Messages (Level 2) — These messages do not halt execution, but are the result of the internal consistency checks performed by the program and
suggest inconsistencies in the results of which the user should be aware. These inconsistencies may be the result of bad or suspicious data.

« Informative Messages (Level 3) — These messages do not halt execution, but provide information about execution, not affecting accuracy, but suggestive of
something the user may want to review to ensure data were as intended.

All messages issued by SIMON are listed below. Each message includes a description of the cause, the level of the message (Informative, Diagnostic or Fatal), and the
recommended action to eliminate the problem. If you receive an error message not listed below, first check to see if it is an HVE or operating system message by
referring to the HVE Appendix or your computer's operating system manual. If the message is not listed in either place, please contact EDC with the offending error.

(updated: this catalog covers the complete set of messages issued by the current version of SIMON. Messages present in the Fifth Edition manual are retained below with their original level
designations; messages added since then are marked "(added)" and their level is indicated by the message prefix — WARNING/ERROR entries behave as diagnostics or fatal errors, NOTE
entries are informative.)

Processing was interrupted by the user. At the time processing was interrupted, the vehicle(s) were still moving. (Level 3 — Informative)

This message is issued to indicate that at the time the user halted the simulation, at least one of the vehicles had not reached its rest position. No response by the user is
necessary.

The simulation was terminated because a unique solution for the coordinates of the tire-ground contact patch could not be calculated. Please send the
offending case file to EDC for evaluation. (Level 1 — Fatal)

This message will be issued if a matrix describing the tire-ground contact patch is singular. This condition has never occurred in EDC's testing of SIMON. If you
experience this problem, please contact EDC Technical Support.

The simulation was terminated because the current deflection of a tire exceeded the user-specified Maximum Tire Deflection assigned for that tire. (Level 1
— Fatal)

A tire hit a tall curb or other significant elevation change (an elevation change greater than the maximum allowed tire deflection; see Vehicle Editor, Tire Physical
Properties). This can also occur because of a defect (i.e., a hole) in the terrain beneath the tire. Carefully inspect the terrain beneath the tire. This condition also
suggests that a wheel may have been broken during the event; SIMON does not model failed wheel rims.

The first step in calculating tire forces is to calculate the radial tire force from the current tire deflection (the change in the tire rolling radius compared to an unloaded
tire). If the deflection of a tire exceeds the user-specified Maximum Tire Deflection assigned for that tire, the radial force could be substantial, leading to dynamic

instability in the simulation. To prevent this from occurring, the run terminates.

This problem can sometimes be solved by increasing slightly the Maximum Tire Deflection (see Tire Physical Data parameters) and/or reducing the Vehicle Trajectory
Integration Timestep (see Simulation Controls).
(updated: in the current version this message is prefixed "WARNING:".)

The simulation was terminated due to an error in calculating the wheel spin acceleration. Check the tire spin inertia. (Level 1 — Fatal)
This message is issued when the wheel spin acceleration is so high that it causes a dynamic instability. If this occurs, try increasing tire spin inertia (see Vehicle Editor,

Tire Physical Properties).

The simulation was terminated because the current roll or pitch angle exceeded the allowable limit. (Fatal; added)

(updated: this message is issued by the current version but was not listed in the Fifth Edition manual. It indicates the vehicle attitude exceeded the model's allowable roll/pitch range.)

The simulation was terminated because the inertial matrix is singular. This condition usually suggests a defective inertial matrix. Please send the offending
case file to EDC for evaluation. (Level 1 — Fatal)
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The equations of motion are expressed in matrix form and solved by inverting the inertial matrix. A singular matrix cannot be inverted, so the equations of motion
could not be solved. If this problem occurs, first check to see that no inertial elements of the vehicle (sprung mass, axles, wheels) have been assigned a zero mass or
rotational moment of inertia. If the problem persists, please send your case file to EDC for evaluation.

The simulation was terminated because the current engine speed (RPM) was greater than the maximum RPM specified for the engine (see Vehicle Editor,
Drivetrain Data, Engine Power/Torque Table). (Level 1 — Fatal)

This problem might occur if the wheels leave the ground during a heavy throttle application; in this case the problem may be eliminated by reducing the throttle input
(see Driver Controls, Throttle Table). The problem might also occur while driving in a low gear if the driver has a "lead foot." Engine RPM exceeded the highest value
in the RPM vs. Power curve (see Drivetrain dialog). The solution is to shift into a higher gear.

The HVE Driver Model predicted the maneuver required a steering wheel input rate that exceeded the user-defined Maximum Steering Velocity (see Driver
Controls, HVE Path Follower dialog). (Level 2 — Diagnostic)

This diagnostic message alerts the user to the fact that the HVE Driver Model used a higher Maximum Steering Velocity than was specified in the Driver Controls,
HVE Path Follower dialog. Steering Velocity as a function of time can be found in the Variable Output.

The simulation was terminated by the HVE Driver Model because the maneuver resulted in a lateral acceleration that exceeded the user-defined Driver
Lateral Acceleration Comfort Level (see Driver Controls, HVE Path Follower dialog). (Level 1 — Fatal)

In order to complete the required maneuver, the user should increase the Driver Lateral Acceleration Comfort Level (see Driver Controls, HVE Path Follower dialog).

However, this suggests the attempted maneuver is beyond the comfort level of the typical driver.

The simulation was terminated because GetSurfaceInfo() failed. (Level 1 — Fatal)

This message occurs if the surface-information search failed to return a valid surface elevation. SIMON should not return this condition; contact EDC if it occurs.

The simulation was terminated because the current articulation angle between a tow vehicle and its trailer exceeded the allowable range (see Vehicle Editor,
Connections). This is normally the sign that a "Jackknife" has occurred. (Level 1 — Fatal)

This message is self-explanatory. The maximum articulation angle is defined in the Rear connections parameter (see Vehicle Editor). The value is established by the
angle required to create pinching between the tow vehicle and trailer. Note that such pinching would cause forces modeled only by DyMESH, so the run terminates.

(updated: the current DyMESH Options dialog provides a Tow Vehicle / Trailer Contact option that enables mesh contact between connected vehicles; see Chapter 2.)

The simulation was terminated because a fatal error occurred while calculating derivatives (accelerations). This occurred due to excessively large forces or a

general failure in the calculations that resulted in a non-numeric value. Please send the offending case file to EDC for evaluation. (Level 1 — Fatal)

This error should not occur. If it does, however, there is no easy solution for the user. Please send the case to EDC, where we can diagnose the cause of the problem.

NOTE: The inter-vehicle connections for two connected vehicles have different elevations above ground. This is not an error condition, but it is unusual. CG
Height + Connection z-coord are normally about equal for both vehicles. (Level 3 — Informative)

This message is self-explanatory. To confirm the difference in connection heights, go to the Vehicle Editor and choose Move CG to obtain the static CG height (it is
displayed as a positive value; however, it is negative with respect to the earth-fixed coordinate system), then choose Connections to obtain the connection z-
coordinate. Do this for both vehicles (note that you'll use the rear connection for the tow vehicle and the front connection for the trailer). The connection elevation is

—CG Height + Connection z-coordinate. Adjust the connection z-coordinate for either or both vehicles if you wish to make the connection elevations the same.

Messages Added Since the Fifth Edition

(updated: the following messages are issued by the current version of SIMON but were not documented in the Fifth Edition manual. Most relate to the DyMESH collision model and
damage/restitution reporting.)

NOTE: One or more vehicles has (have) a negative crush depth. (Informative; added)
Refer to the Damage Data report's Crush Depth Tables to identify the specific vehicle(s). This may be the result of a vehicle geometry with reversed surface normals

or missing polygons. It may also be the result of normal folding of the damaged surface. Inspect the vehicle geometry for these conditions.

NOTE: The collision resulted in more than 10 impulses on one or more vehicles. (Informative; added)

This does not result in event termination. However, only the first 10 impulses will be included in the CollisionData report and DamageStudio window.
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An error occurred while calculating vehicle handling properties. (Diagnostic; added)

NOTE: The simulation output interval (see Simulation Controls dialog) is rather large for a collision simulation. (Informative; added)

Peak collision forces and/or accelerations may be filtered from Key Results and Variable Output. This issue has no effect on the overall accuracy of the simulated
trajectories or damage profiles. To avoid this issue, reduce the output interval to 0.02 seconds (or less).

NOTE: At the time the simulation was terminated, one or more vehicles were still undergoing a collision. (Informative; added)

The CollisionData results (see Damage Data output report) are incomplete for the last recorded impulse.

NOTE: One or more vehicles has a bad CDC (see Damage Data output report). (Informative; added)

This usually occurs while SIMON attempts to build the damage profile using the damaged vehicle geometry. There may be an insufficient number of damaged vertices
to build the damage profile. Review the Damage Data report's Damage Width, Offset and Crush Depth tables.

WARNING: The coefficient of restitution is negative. (Diagnostic; added)

This implies the striking vehicle traveled through the struck vehicle during impact. A negative restitution coefficient may also occur as a result of a large angular
velocity (> 100 deg/sec) at separation, in which case this message may be ignored.

WARNING: The coefficient of restitution is greater than 1.0. (Diagnostic; added)

This implies the crash created energy. The normal range is approximately 0 to 0.25, perhaps slightly greater for low-speed impacts.

NOTE: The coefficient of restitution is larger than normally associated with vehicle collisions. (Informative; added)

The normal range is approximately 0 to 0.25, perhaps slightly greater for low-speed impacts.

ERROR: The closing velocity is less than zero, indicating a calculation error has occurred. (Diagnostic; added)

Two vehicles cannot collide if their closing velocity is less than zero.
NOTE: The method used to calculate the coefficient of restitution in the Event Data output report (see INTER-VEHICLE COLLISION DATA) assumes an
instantaneous impact. (Informative; added)

One or more collisions resulted in sustained contact (more than 0.5 seconds). A coefficient of restitution was not calculated for those collisions.

NOTE: One or more vehicles has (have) a manual transmission that is not in gear, but has the throttle applied. (Informative; added)

This is like revving the engine in neutral. Is this the intent?

NOTE: The HVE Driver Model was turned off at impact for one or more vehicles because of a collision. (Informative; added)

The HVE Driver Model is not valid during or after impact.
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Chapter 8 — Index

(updated: the printed edition's page-number index has been adapted for this Markdown edition. Entries now point to the chapter files and sections where each topic is discussed. Use your
viewer's text search for fine-grained lookup.)
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3-D Surface/Environment Geometry

3-D Vehicle Geometry (Geometry File)
3-D Visualization (Trajectory Simulation)
ABS (Antilock Braking)

Accelerometers

Accident History (report)

Accident History Basis (Force/Acceleration)
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Anti-pitch

Brake Designer

Brake System / Brake Table / Brake Torque
Camber Stiffness

Collision Acceleration Threshold

Collision Pulse

Connections (Inter-Vehicle)

Cornering Stiffness

Damage Data (report), Crush Depth (Excl./Incl. Free Space)

Damage Profile

Degrees of Freedom
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Drive Torque / Drivetrain

Driver Controls (Steering, Braking, Throttle, Gears)
Driver Data (report)

DyMESH (collision model, options, wheel contact)
Environment (creating, visual/physical data)
Environment Data (report)

Equations of Motion

Event (creating, set-up, executing)

Event Data (report)

Friction Table

Get Surface Information

Graphing Results

Human Occupants

HVE Driver Model (Path Follower)
Hydroplaning Model

Inertias (sprung/unsprung, payload)
Inter-tandem Axle Load Transfer

Jounce and Rebound Stops

Messages (catalog)

Payloads

Position/Velocity

Program Data (report)

References

Rolling Resistance

Engineering Dynamics Company
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Chapter 3 — Trajectory Simulations

Chapter 1, Chapter 2 — Brake, Chapter 5 — Tutorial
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Chapter 2 — Event Calculation Options
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Chapter 4 — Driver Controls

Chapter 2, Chapter 4 — Wheel Torque

Chapter 2 — Tire

Chapter 2 — Event Calculation Options

Chapter 2 — Event Set-up

Chapter 2, Chapter 4 — Inter-Vehicle Connection Model
Chapter 2 — Tire
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Chapter 3 — Displaying a Damage Profile

Chapter 4 — Basis For Analysis

Chapter 4 — Dollys
Chapter 2, Chapter 4 — Driver Controls
Chapter 3, Chapter 5

Chapter 2 — DyMESH Options, Chapter 4 — Sprung Mass Impact Model

Chapter 2 — Environment
Chapter 3, Chapter 5

Chapter 4 — Equations of Motion
Chapter 2 — Event

Chapter 3, Chapter 5

Chapter 2 — Tire

Chapter 4 — Driver Controls, Chapter 5 — Steering Input

Chapter 2 — Event Calculation Options; Chapter 4 — Hydroplaning Model

Chapter 2, Chapter 4 — Payloads

Chapter 2 — Suspension
Chapter 6 — Messages

Chapter 2 — Vehicle Payload, Chapter 4 — Payloads

Chapter 2 — Event Set-up

Chapter 3, Chapter 5

Chapter 7 — Technical References

Chapter 4 — Tire Model
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Topic Where to find it

Roll Steer / Bump Steer Chapter 4 — Vehicle-fixed Wheel Orientation

Simulation Controls Chapter 2 — Simulation Controls

Springs and Shocks Chapter 2 — Suspension, Chapter 4 — Suspension Force

Steer Degree of Freedom Chapter 2 — Event Calculation Options, Chapter 4 — Steering System
Steering System (gear ratio, stops, friction) Chapter 4 — Steering System

Suspension (independent, solid axle) Chapter 2, Chapter 4

Tire Blow-out Model Chapter 2 — Vehicle Wheels

Tire Model (semi-empirical) Chapter 4 — Tire Model

Tire-Terrain Models (Point Contact, Radial Spring, Sidewall Impact) Chapter 2, Chapter 4 — Tire-Road Contact Patch

Trajectory Simulation Chapter 3, Chapter 5

Tutorial (ISO 3888 Lane Change) Chapter 5 — SIMON Tutorial

Validation Chapter 1 — Validation, Chapter 7

Variable Output (report, output groups) Chapter 3 — Variable Output Table, Chapter 5

Vehicle Data (report) Chapter 3, Chapter 5

‘Vehicle Mesh (tessellation, friction, restitution) Chapter 2 — Event Set-up

Wheel Damage / Wheel Displacement Chapter 2 — Vehicle Wheels, Chapter 4 — Sprung Mass Impact Model
Wheel Position / Orientation Chapter 4

Wheel Spin Chapter 4 — Wheel Spin

Wind Speed and Direction Chapter 2 — Environment Physical Data, Chapter 4 — Aerodynamics Model
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Electronic Stability Systems (TCS and YSC)

SIMON models two electronic stability systems as part of each vehicle's drivetrain: Traction Control (TCS) and Yaw Stability Control (YSC), collectively referred
to as the vehicle's ESS (Electronic Stability Systems). Each system is enabled individually per vehicle and configured with its own activation thresholds and rates in
the Vehicle Editor. The Anti-Lock Brake System (ABS) is a separate model, described with the brake system; where both are present, YSC acts on the brake pressures
first and ABS then modulates the result.

The ESS model is structured the way a production controller is: a sensor layer synthesizes the signals an ECU would measure — a speedometer signal, a yaw-rate
signal, and per-wheel speed signals — and two control laws act on the resulting errors. TCS intervenes by redistributing drive torque; YSC intervenes by
redistributing drive torque and modulating individual wheel brake pressures.

The description below reflects the behavior of the current version of HVE.

Sensor models
The sensor signals are recomputed on every pass through the wheel-torque calculation:
« Speedometer. The vehicle speed signal V is the average of the wheel-speed sensors on the drive wheels (spin velocity x tire static loaded radius).

¢ Yaw-velocity error. The expected yaw velocity follows from the driver's steering input and the vehicle geometry,

: _ Vtané
¥ expected ~ L

where 6 is the front-wheel steer angle (steering-wheel angle + column ratio) and L is the wheelbase computed from the axle positions (for a 3-axle vehicle, the
distance to the midpoint of the rear tandem). The yaw velocity error is the sensed yaw velocity minus this expectation:

e\I/ = "Usensar B wexpected

A positive error means the vehicle is rotating faster than the driver's steering asks for.

¢ Per-wheel spin comparisons. For each wheel, the expected spin velocity accounts for the wheel's lateral position y during a turn:

w ted = Y-vy
expecte
P Rsrr
where Rg; p is the tire static loaded radius. From the wheel-speed sensors the model then forms, per wheel: the spin-velocity error (Wep50r ~ Wexpected ) the

difference from the other side of the same axle, the difference from the axle average, the difference between axle averages (axle-to-axle), and the difference from
the whole-vehicle average.

Traction Control (TCS)

TCS runs during the drive-torque split calculation and is considered only when the total drive torque (engine torque x transmission ratio x final drive ratio) is at or

above the Minimum Drive Torque threshold. Starting from an even split among the drive axles, it makes two corrections:

1. Axle-to-axle. If the average wheel speed of a drive axle differs from another drive axle's average by at least the Axle Difference threshold, that axle's torque
fraction is reduced in proportion to the difference:

Saxle - = RTq Awaxle

where R is the user-set Drive Torque Rate. The fraction is clamped between 0 and 1, so torque migrates away from a spinning axle toward the axle(s) with
traction.

1. Side-to-side. If the left and right wheel speeds on a drive axle differ by at least the Side Difference threshold, the axle's torque is re-split between the sides. The
right-side share is adjusted by R4 Sqxje AWsiqe — proportional to both the axle's current torque fraction S xje and the right-minus-left wheel speed
difference — and the left side receives the remainder, clamped so neither side goes below zero or above the axle's total. This mimics a brake- or clutch-based
limited-slip intervention.

When either correction fires, the TCS active flag is set — the equivalent of the TCS indicator lamp — and reported in the Variable Output.

Yaw Stability Control (YSC)
YSC runs per wheel inside the brake-pressure calculation, after the pedal force, proportioning, push-out and rise-time effects and before ABS. It is gated twice:

¢ The vehicle speed must be at or above the Minimum Velocity threshold.

¢ Either the yaw-velocity error magnitude must reach the Yaw Velocity Error threshold, or the wheel's spin-velocity error magnitude must reach twice the Spin
Velocity Error threshold.

Once active, YSC makes two interventions:
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1. Drive-torque side shift. If drive torque is at or above the Minimum Drive Torque threshold and the axle's side-to-side wheel speed difference reaches the Side
Difference threshold, the wheel's share of the axle torque is adjusted by Ry Sgyje AWy g, (proportional to the axle's torque fraction, as in TCS), clamped to

the axle total. Each side is adjusted using its own signed side difference, so the two sides' corrections mirror one another: the faster side sheds torque share and

the slower side gains it, each clamped independently.

2. Brake modulation. If the driver's brake system pressure is at or above the Minimum Brake Pressure threshold and the wheel's spin-velocity error magnitude

reaches the Spin Velocity Error threshold, the wheel's brake pressure is adjusted in proportion to the error:

P+ =Rpe,

where R p is the Brake Pressure Rate. A wheel spinning faster than expected receives more brake pressure; a wheel turning slower than expected (approaching lock)

receives less. Pressure is floored at zero.

When either intervention fires, the YSC active flag is set — the YSC indicator lamp — and reported in the Variable Output.

User parameters

Both systems are configured in the Vehicle Editor's drivetrain ESS dialog. The thresholds gate when the systems may act; the rates set how aggressively they act per

unit of error.

Parameter

Minimum Velocity

Yaw Velocity Error

Spin Velocity Error

Side Difference

Axle Difference
Minimum Drive Torque
Minimum Brake Pressure
Drive Torque Rate

Brake Pressure Rate

Outputs

Used by
YSC

YSC

YSC
TCS, YSC
TCS

TCS, YSC
YSC
TCS, YSC

YSC

Meaning

Vehicle speed below which YSC never intervenes

Yaw-rate error that activates YSC

‘Wheel spin error for brake modulation (2x this value also activates YSC)
Left/right wheel-speed difference that triggers a side torque shift
Axle-to-axle average speed difference that triggers an axle torque shift
Drive torque below which no torque redistribution occurs

System brake pressure below which no brake modulation occurs

Change in torque split per unit wheel-speed error

Change in brake pressure per unit wheel-speed error

o The Variable Output drivetrain group includes the TCS and YSC active flags, so the timing of each intervention can be plotted against the vehicle response —

the simulation equivalent of watching the dash lamps.

« The Program Data report lists the vehicle's ESS configuration: which systems are fitted, and the threshold and rate values in effect for the run.

Notes and limitations

o The vehicle data structure also carries an ESP (Electronic Stability Program) flag, but no combined ESP control law is implemented in the current version of

HVE — TCS and YSC are the two active systems. In particular there is no engine-torque cut and no yaw-moment-targeted braking of a specific corner based on

the yaw error alone.

e TCS is purely wheel-speed based; the yaw-velocity error influences only YSC, and there only as an activation gate — the magnitude of every correction is driven

by wheel-speed errors.

« The sensor models are idealized: the yaw-rate signal is the true simulated yaw velocity, with no noise, bias, or latency.

¢ The corrections are proportional with clamping. There is no integral or derivative action, and interventions persist only as long as the triggering error persists.
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