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ABSTRACT

Various approaches for vehicle operational loads assessment during vehicle development process are
exemplified in an SUV vehicle development process. These approaches are combined in one general step-by-step design
methodology for simulating the structural behavior in vehicle dynamics, which generalizes the open source information
and modern software possibilities. Such methodology serves as a guide for including influence of operational loads into
the complicated vehicle development process and helps to assess these load values on different development phases:
from concept, where the main supporting structure of the vehicle (BiW or frame) is not yet approved, but first
approximation of operational loads is already required, to the further phases, where taking the main supporting
structure compliance into account can play an important role in vehicle behavior on the roadway. Getting more

accurate operational loads values is important for further consistent chassis and Body-in-White operational loading
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simulations and effective design optimization such as strength, fatigue and vehicle behavior on the roadway

optimization in a variety of different maneuvers.
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INTRODUCTION

Vehicle operational loads must be considered duemch of the vehicle development stages to provide
appropriate data for Body-in-White (BiW) and chasstrength, fatigue, and, especially, vehicle binay
evaluation and optimization in a variety of vehiolaneuvers on the roadway. Different approachesgerational

loads assessment are analyzed in the paper as ldiedrpy the SUV development process.

The term ‘wheel loads’ implies the reaction fordbat are transferred from the roadway to contact
patches due to different vehicle maneuvers. ‘Opmral loads’ are to be understood as the loads @hat
transferred from contact patches and suspensidhefuto the vehicle main supporting structure, \whg one of
the vehicle’s subsystems. For the convenience peqoit is agreed that vehicle construction isddigi into

different subsystems: steering, power train, braké®els, main supporting structure (BiW or Biwi&) etc.

At the stage of vehicle concept development thepkiied methods of operational loads assessment jare

used, which are based only on suspension modéisfiwéed points that connect suspension with theiolehmain
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supporting structure (so-called interface point$jlevthe main supporting structure itself is nohsidered in this case.
This structure (BiW or frame) is not yet approvedhe first stage of development and has to baroptid in accordance
with operational loads values in order to improehicle characteristics. For further developmengesta when the main
supporting structure is consistent, the accuracythelSe approaches is insufficient to achieve trodtw results.
Operational loads values are of primary importafarefurther consistent simulations of chassis and/ Bperational

loading and effective vehicle design optimization.

Recently, due to the development of computer madelivehicle manufacturers have been improving the
calculation methods and modeling procedures [INw approaches are based on leading hardware dhwlas®
capabilities and a wide variety of available expenmtal data used to validate these codes. The mattaulation methods
and software capabilities in the chassis designwaaié described in specialized literature and safsvmanuals [8-10].
The authors of these works only describe the céipabiand methods, implemented in software progiuotit there is still
lack a step-by-step design methodology. Unfortugataeost of the details regarding modern operafitoeds assessment
approaches are sealed by automobile manufacturetscannot be found in open sources and researetatlire.
Thus, the information about the vehicle dynamicsigieis not complete and cannot be used propernas step-by-step

guide for commercial automobile design.

Given such a background it is necessary to undertalesearch to define the details concerning models
development and simulation processes. Most of iffieudties arise when more accurate operationalds prediction is
required. The values that can be obtained usinglgied approaches are overestimated and shoulenpbeoved for the
vehicle design optimization process when mass temhycdurability characteristics and vehicle beloawin the roadway

are a matter of priority.

The target of this paper is to show a general Bieptep design methodology of operational loadesssent
during vehicle development process, which generalthe open source information and existing sofvpassibilities for

simulating the structural behavior in vehicle dyimzsn

Further, in this paper the different approachesofoerational loads assessment, used in the SUMaavent
process, are considered. First, it is discussedtbasstimate approximately the operational loada @é€hicle in a variety
of standard maneuvers using only suspension medtidixed interface points while not considerifgetmain supporting
structure. Wheel loads for these simulations akert&from analytical calculations that are basedagrimitive vehicle
model with body point mass and suspensions, matjevath a set of springs. The suspension concepleigeloped in
accordance with this approach. During this stag&CKtests contribute to optimizing joints, bushingmd other

suspension parts’ characteristics.

This is followed by a more complicated approachdperational loads assessment is described, whichalgo
used in the development of the SUV. These simulati@quire a full vehicle model made of rigid sugteyns for the
sprung mass and flexible subsystems for un spruagsnThis approach helps to get more feasible tpeahload values
due to the fact that vehicle description is congdietlifferent from that in the approach describedier; this time a full
vehicle model replaces of two separate suspensimfels on the test rigs. Here the full vehicle istéd on the virtual

roadway, undergoing various road tests.
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The last step considered in this paper is an advhmpproach which takes into account not only filexi

suspensions but also BiW and chassis subsysterflexétdle bodies. This requires extra model generaticontaining
reduced stiffness matrices of the vehicle’s majpsuting structure, as well as the greater comfurtat effort to evaluate

the vehicle’s maneuvering behavior with this apptoa
Main Body

For clarity, the assessment of operational loadsduhe vehicle development process can be dividexfour

steps:

Step 1: At this step, the main supporting structure of ¥kéicle (BiW or frame) has not yet been approvad,
the first approximation of the operational loadsréguired. Thus, a rough kinematic concept desifyithe vehicle
suspension is created based on K&C tests in aceoedwith vehicle general requirements. Wheel loads obtained
using an analytical approach in static formulatieith a simplified vehicle model. Wheel loads areplsgd to the
kinematic suspension concept, modeled only witidrgarts, in order to assess their behavior whiterface points are
fixed. The main supporting structure itself is wonhsidered in this formulation. As a result, thegio concept design of

suspension parts is determined to the end of this s

Step 2:1t is dedicated to selecting the shape of suspangarts which concept design was determined on the
previous step. For these reasons, suspension @artsonsidered as flexible parts. Here K&C testp he approve
obtained on the previous step suspension desigricaadjust the appropriate suspension parts clarstits such as to
perform safe and efficient suspension behavioriffergnt maneuvers. So, as a result, the updatsdesision model is

developed with flexible parts, optimized to sati&®C and strength requirements;

Step 3: The main supporting structure of the vehicle ready approved before this step starts and fulicleh
model in a dynamic formulation is considered. Thisdel includes suspensions, steering system, mapposting
structure and other components with their massirerdia characteristics. This allows more realisticces redistribution
in suspension parts and displacements evaluatiotheointerface points due to main supporting stmectdeclines in
maneuvers. In this formulation all vehicle sprungssisubsystems are rigid and un-sprung mass sebsystre flexible.
As an example of a full vehicle model consideredthis paper, body-on-frame SUV is shown in FiguréBlW is
transparent for clarity). A range of virtual roats are simulated based on this model to assesgp#rational loads due

to different load cases;

Step 4: Full vehicle model on this step is built with dlay characteristics of the main supporting stuune for
getting more accurate load redistribution in alicée subsystems. Subsystem compliance causesisaftfdifferences in
vehicle behavior on the virtual road tests thattnwesconsidered on the further development stafjesancept stage for

achieving trustworthy results of the operationalds assessment and effective vehicle design opifiimiz
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Figure 1: Full Vehicle Model of the SUV

All of these steps nowadays are made using leadimgpputer-aided engineering software possibilities.
There are various powerful multi-body system (MBS)vers available on the market for predicting dyitasystem
behavior of different kinds of mechanisms, for eptéan MSC Adams, Simulia SIMPACK, LMS Virtual Lab.
They became necessary instruments for the modesigrddevelopment process and have different moduolesmplify
working on specific tasks for different industrigSoncerning automobile industry, for example, ssdftware has
developed a road path tracking systems (in MSC Adeafled “Smart Driver”), which control the implemation of the
vehicle maneuvers during the simulations and helgeep maneuver characteristics such as vehictecityl cornering
angle etc. unchanged due to physical phenomeisaditne with so-called standard maneuvers templatesse templates
are based on vehicle “bicycle model” with a comboraof PID controllers [11, 12].

Over the last years commercial MBS solvers haveeldged significantly and now can allow considering
only rigid bodies but also flexible ones (in MSCahds it is done with Modal Neutral Files (MNF)) amohlinear solvers
(f. ex. MSC Adams Max flex) for dynamic problemdeTcutting-edge growth area now is real-time ssl¥kat can allow
combining virtual simulations with an operationtbé real objects, for example, to simulate vehixgbavior with engine

characteristics, which are recorded from the regire on the test rig in a real-time environment.

The first of the steps listed above for operatidnabls assessment starts with the wheel loadsndietion on
the contact patches. This is made on primitive alehinodel containing body point mass with regardntss distribution
between axes and suspension made only with a setriiéal and torsional stiffness springs. In padar, this primitive
model takes into account the only steady stateanaif the vehicle and as a result gives only tlaetien forces from the
roadway. For further investigations the MBS modiesaspension must be developed. This model allastisnating the

loads redistribution on the suspension parts anbehavior in different maneuvers.

For the SUV discussed in the paper, the rear amd fuspension MBS models with test rigs for K&@siations
are shown on the Figure 2 and 3. Standard K&Cgeses approximate a variety of vehicle maneuvech &s in-line
acceleration, turning, suspension breakdown, dtat kind of simulations can be easily done with owrcial software
templates. The suspension interface points thatexirsuspension with the main supporting strucioeeconsidered fixed.
The main supporting structure itself is not consédein this formulation. This type of test rig isually used for the first

and second steps of operational loads assessmesidered in this paper.
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Figure 3: Rear Suspension MBS Model View of SUV

Firstly K&C simulations with all rigid parts of spension are made. Then, according to the resuigs fitst
approximation of bushing stiffness characteristicshosen. In this formulation— rough bushing cbemastics and rigid
suspension parts— a suspension optimization praessstarted to achieve the K&C targets of theicketby varying
bushing characteristics and their position. Acaogdio K&C load cases, more than 100 kinematic dadt@ kinematic
suspension characteristics are investigated andhe@tto achieve the desirable behavior of suspermiothe test rig.
It is important that at the same time with susp@msioncept determination also the main supporttngctire is being
developed. Space design must be identified fomh& supporting structure as well as for suspenaiahits envelopes.
According to K&C test results, interface points jios can be changed slightly on this step to imprsuspension
behavior, but it is highly important to synchronidese interface points displacements with theclehmain supporting
structure and other subsystems of the vehicle &clchthe possibility of such movements and update dtiucture
simultaneously. At this moment it also must be oated that the interface points on the main suppgrstructure have

enough stiffness to ensure suspension durabildyagpropriate vehicle dynamics.

As a result of “step 1” procedures, a suspensiorcept is developed. After this, the suspension ldpweent
process can move to “step 2” and the separate ssispeparts optimization can be made (shape, nstifffiess, etc.)
according to previously defined wheel loads. Thathir iterations of K&C virtual tests are madeckeck the suspension
behavior with newly designed suspension parts &adacteristics. As an example, front suspensiomyiehdue to K&C
opposite travel test for considered SUV is showRigure 4. On this step bushing characteristicsthant positions can be
adjusted. In this formulation, all the suspensiantp are considered flexible. More details abouldimg up the flexible
model for MBS solvers can be found further in tlapgr. These simulations are made iteratively ahdlfis to design the

suspension and the main supporting structure nfifesitizely at each vehicle development stage.
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Figure 4: Interface Points during K&C Opposite Travel Tests

Moving further in the vehicle development procdss‘tstep 3” of the vehicle operational loads assess can be
started. For this step, the full vehicle assembithall rigid subsystems for the sprung mass iuregl to be built in
conjunction with the flexible subsystems for unsgrumass from the previous step. These simulatioascalled Full
Vehicle Analysis (FVA) and are conducted in a dyiaformulation on a special virtual roadway tegt im opposite to

steady state motion simulations considered in theipus steps.

FVA includes tests like step steer, lane changeerstontinuous sinusoidal input, etc. This is adednvehicle
analysis after K&C tests and during these analysisicle parameters, such as another tire assignfoerftequency
response improvement or another dampers assignimemtchieving desirable vehicle behavior, are tuf@dvehicle
targets achieving. The main K&C virtual series aseially finished till this period, but there canpapr some serious
changes, which can cause more subsequent K&C amditysa redefinition of the suspension parametard interface
points’ location. As an example, such reasons cdugddthe requirements from other subsystems forfate points

adjusting, bushings adjusting or necessity of iasirey main supporting structure stiffness.

FVA approach helps to assess operational loads meadistic than previously mentioned approaches.
That is, in the analytical approach acceleratiod amass are used to obtain the forces on the coptches only.
With the FVA approach, more accurate acceleratialues can be achieved. For example, for analytieldulations
acceleration in turning is set to 1,2g, while inAYor considered in this paper SUV at an averagly OrBg can be
achieved due to vehicle dynamics. With the accetaravalues greater than 0,8g a slipping motiorihef vehicle starts,
which is shown further in the simulation resulteTsame kind of discontinues is occurring witheottmaneuvers such as
suspension bump, acceleration, deceleration ete. aitention must be paid to the vehicle dynamicrattaristics in
different maneuvers and dampers functioning in F\Wich are absent in analytical formulation. Thisalgtical
formulation considers only steady-state motion andhe dampers are not under consideration. Thémmthat the real
load’s distribution in suspension is different tabytical results, especially for developed SU\Ear suspension, because
it has different interface points to the BiW fomajaers and springs. This leads to the necessityagf supporting structure

improvement.

But on further vehicle development stages, the r@oyuof “step 3" approach can be not enough tsfathe
strict customer criteria for strength, durabiliyehicle behavior on the roadway. In the “step 3prapch the main
supporting structure subsystem is supposed togiek fihus the influence of the real main supporstrgcture stiffness on
the vehicle behavior in maneuvers cannot be ewaduah this step. This can have a significant effecthe real vehicle

behavior and must be taken into account in fursiraulations.
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During the road tests, wheel loads from the roadwag redistributed and transferred up to suspension

Through the interface points, these forces acthenchassis and BiW structures and the full vehictelel for “step 4”
approach can show the critical design areas wigh-stress levels, which must be considered in naetails during
further fatigue analysis of the vehicle. Taking sygiems compliance into account makes the assegsgdtional loads
more realistic because of simulating the exact ensipn and vehicle main supporting structure betraivi different

maneuvers and conditions.

For the “step 4", the full vehicle model must bedified to include the elasticity characteristicstbé main
supporting structure subsystem. The main supposingcture of the SUV considered in this work ig thame and,

optionally, BiW, which can also be considered figxible body for a complete picture of the vehidgamic behavior.

One particular aspect of this approach is much drigtomputational efforts than for the previous step
(hours compared to minutes on the same computirghimg), so it is worthwhile to simulate only crildoad cases in
such formulation. Alongside this using vehicle modih elastic characteristics is reasonable atgrieving the stiffness

targets of the main supporting structure.

For creating the model for FVA at “step 4” it igjtéred to build up extra model files, which cont#tie data of a
flexible body. For MSC Adams [13]they are MNF amhtain reduced stiffness matrices, inertia matrinde shapes, and
frequencies. MNF is based on Craig-Bampton mogathesis [14]. This kind of data is obtained frontireear Finite

Element analysis and can be outputted in. mnf fofrean most of the commercial FE-solvers.

The full vehicle model considered in this papeNSdontaining mass-inertia and elasticity charasties of the

frame, is shown above in Figure 1.

For developed SUV this approach was applied toethoad cases: suspension bump (4g), turning (Ga8d)
cross-axling. As for example, deformed state of Hedicle during cross-axling simulation is shown Rigure 5.

This load case assumes pushing up the diagonalsmilethe moment of taking-off one of the otherat wheels.

Figure 5: Deformed State Due to Cross-Axling of SUV

It should be noted that displacements, stiffnesalte and also the overall stress distributionerined with this
method, are trustworthy, but the stress values $keéras may differ from the values obtained in gtersimulations by
specialized FE-solvers, such as MSC Nastran. Fingebetter stress results in MSC Adams for “séédormulation a
more detailed description of parts with complex mgetry is needed (using more intermediate interfpots).
This procedure is very complex and time-consumiinghis case, it is better to evaluate parts digaents/stiffness with

MNF approach and for stress evaluation, it is betteise FE commercial code. In the same tims,warth comparing the
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results of MSC Adams and FE solvers, especiallycenring displacements and force redistribution fen design parts.

This helps to make verification of MSC Adams fldgilnodels.

To underline the difference between the resultsiobtl using various approaches, there is a conguadsthe
steering wheel angle curve vs. lateral accelergti@sented in Figure 6. These are the resultstéady-state cornering
maneuver with a constant velocity equal to 100 krlree different vehicle model formulations arewh on this graph:
“R+R” means rigid SUV frame and rigid BiW, “R+F” rgid BiW and flexible frame, and “F+F’ means bdtaxible
frame and BiW. “R+F” and “F+F” results are almostirzident and are significantly different to “R+R3rmulation.
Oscillations on “R+R” results appeared at the mamsevhen vehicle motion becomes unstable. This happee to the
fact that “bicycle model”, implemented to the sajvdoes not take into account the frame’s elagtiét these moments
software tries to compensate wheels’ sliding anldl llee vehicle trajectory according to the modglunhusing Smart
Driver module, which was described above. Thishis limitation of rigid vehicle formulation, whicls ieliminated in

flexible formulations.

—R+R
-R+F
F+F

5004

Steering wheel angle (deg)

a0 a0 70 &0 50 40 a0 20 A0 an 10

Lateral acceleration (m/s"2)
Figure 6: Steering Wheel Angle Curve vs. Lateral Aceleration
for Steady-State Cornering, 100 Km/H

Another example of the “step 4” comparing to “sBpesults is provided on Figure 7. These are \telpositions
at different time moments due to step steer manejl\& at the constant velocity 100 km/h. This maver produces a
6 m/$ acceleration on the vehicle. Again, a significaiffiedence between results can be seen. Becausensfdering the
frame elasticity, there is different load redisiibn to suspension parts that leads to differespsension operating and
trajectory adjustment. According to Figure 7, difieces between “R+F” and “F+F” for developed SU\é anot
significant, so reasonable results can be achiesd'R+F” formulation and it is no need to develtye flexible model of

BiW, which is quite time-consuming.

B risid sody - Rigid Frame
[ rigic soay + Flex Frame

- Flex Body + Flex Frame

Figure 7: Vehicle Position at Different Time Momens
Due to Step Steer (Left), 100 Km/h
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At Figure 8 roll angle curve vs. time for step stean be seen. For “R+R” formulation roll angleurets to zero

value after process stabilizing, but for both fld&iformulations there is a residual roll angleuealThis happens due to
the fact that the roll angle is calculated relativéhe center of mass of the SUV. In the “R+R’nfnitation, after turning
the steering wheel, the position and orientatiothef center of a mass return to the initial positim “F+R” and “F+F”
formulations, the position and orientation of trenter of mass are affected by the deformed stateeoframe. After
turning the steering wheel frame deformation resaue to centrifugal forces when driving in a tuFhese features can

affect the behavior of the vehicle significantlydamust be evaluated properly.

1.0
0p t— —
E 1

20

—R+R
—F+F
R+F

Roll rate (deg/s)

Time (s)

Figure 8: Roll Angle Curve vs. Time for Step Stee(Left), 100 Km/h

So the result differences for considered formutatioan be seen clearly. Taking these factors itount on the
technical and further stages of vehicle developreanthelp to get more accurate simulation ressétgée manufacturer’s
resources for vehicle development and also helpshtrten the time before the start of vehicle $epf@aduction.

These benefits help automotive manufacturers tmdist competitive and to offer the market their Bestlass solutions.

CONCLUSIONS

In summary, there are various approaches to Vidparational loads assessment. The choice of aifgpe
approach to use depends mostly on the vehicle dler@nt stage. Each approach has its advantagedisadl/antages
and helps to assess the operational loads witkrdift accuracy. The vehicle development procestgely related to
operational loads assessment as far as they haleea impact on chassis strength, fatigue, angedally, vehicle

behavior on the roadway.

The operational loads are calculated along withrall/evehicle development process in accordance \aith

sequence of the steps 1 to 4 described in thdeartic

For further investigations, nonlinear elastic clggastics of the main supporting structure carctesidered for
achieving even more accurate operational loadsegalGomputational effort for such simulations wobkl even higher
than for virtual tests of “step 4”, consideredlirstpaper. So it is reasonable to simulate accgriinthis approach only the

most critical load cases that can have a signifizapact on vehicle design solutions.
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