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TESTING OF THE TORSIONAL STIFFNESS
OF THE PASSENGER CAR FRAME
AND ITS VALIDATION BY MEANS

OF FINITE ELEMENT ANALYSIS
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Abstract

The paper presents the results of the conducted tests of torsional stiffness of the VOSCO S106
passenger car, as well as the validation process of these tests by means of numerical analyses
using the FEM finite element method. The most important element of the vehicle structure is the
part of the spatial frame or the safety cage. Engine, brake system, fuel system and steering system,
suspension as well as body and parts, their mounting nodes, hinges, locks, etc. are attached to
the frame. The frame must therefore have adequate strength to protect the driver in the event of
a tipover or impact. The frame is usually made of steel pipes with the prescribed dimensions and
strength according to regulations. The torsional stiffness of the vehicle chassis has a significant
influence on its driveability and therefore is an important parameter to measure. In this article, the
torsional stiffness of the vehicle frame is calculated experimentally, which was then verified by finite
element analysis (FEM) using the Altair HyperWorks program.
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1. Introduction

To check the torsional stiffness of the frame experimentally, a special support structure
has been made, and fastening brackets have been made to reduce displacement and ro-
tation from all axes and directions [41]. A load was also applied and the deflection was
measured using a dial indicator.

A similar design has been modelled in the HyperMesh program [27]. A surface mesh was
created and a load was defined which was equivalent to the mass used to twist the frame
in the test on the real object. The measured deflection was compared with the experimen-
tal value for its validation.
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The torsional stiffness of the vehicle chassis has a significant influence on its drive-
ability and therefore is an important parameter to measure [3, 5, 8]. The greatest effect
of torsional deformation can be found with transverse load transfer between the front
and rear axes [4, 7]. During steady-state rotation, the infinitely rigid frame will cause both
the front and rear tilting angle to be the same, as it is assumed during the calculation
of the suspension structure [28, 32]. Permission to turn in the chassis will redistribute
some mass transfer between the front and rear tires, making these values deviate from
their designed values. For most racing vehicles, the frame is stiffer than the suspension
stiffness is designed [1, 29, 38]. Based on the provided materials in the form of 3D CAD
models and additional information such as: the names of the materials envisaged, the
expected ways of joining elements, a discreet model of the vehicle frame was prepared.
The carried out work included:

* analysis of the 3D CAD model of the vehicle frame structure;

* development of calculation models based on the obtained 3D model;

* determination of load patterns, mounting and other boundary conditions;
* development of a grid in the Altair HyperMesh program;

* defining welded and bolted joints using dedicated functional components of the nu-
meric solver;

* numerical calculation of the vehicle frame with the use of FEM;
* analysis of results from vehicle frame calculations.

Vosco S106 - Polish passenger car developed by the "Syrena” Car Factory in Kutno. In 2012,
work on the design of a passenger car began. A stylistic competition entitled "Reactivation
of the Polish automotive industry" was announced.

Until 2016 the organizational stage, recruitment of key employees and appointment
of Fabryka Samochodow Osobowych SYRENA in Kutno S.A. as an entity to prepare design,
prototyping, development and subsequent production of cars, continued.

At the end of 2016, works on the Vosco S106 passenger car were started (Figure 1). The first
prototype of Vosco was made in 2017. In April 2018 the vehicle was under homologation
tests, in September it received the M1 type approval, it is now ready for production and
the first series of this car has already been built. Vosco is to be produced in the quantity
of (100-300) pieces a year, in the future production of 1000 pieces is planned.
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Fig. 1. Passenger car Vosco S106

In 2017, FSO SYRENA began work on the electric version of the Vosco S106. The project
is co-financed by the EU. The Vosco EV car (Figure 2) is based on the same frame construc-
tion as the Vosco S106. The components have changed, whose use resulted from the use
of a new drive, a set of batteries and the upper part of the structure resulting from R&D
works in the project. In the final version of the car, a thorough change of vehicle design
is also planned.

Fig. 2. A passenger car with EV electric drive
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2.Discretization of the 3D geometry of the vehicle frame

On the basis of the 3D model created at the design stage, using the preprocessor in the
form of Altair HyperMesh software, the geometry and mesh of the components of the ana-
lysed assembly were developed. In the process of discretization of the model (Figure 3),
a surface model was created with the use of quadrilateral and triangular elements (Figure
4).In the first stage, a surface model based on the middle surfaces (midsurface) was cre-
ated from the solid model. Then these surfaces were joined together. It was necessary to
ensure the continuity of the grid. A surface mesh with the assumed size of elements was
created on the created surfaces [2, 30]. The dominant element size is 5 mm, however, lo-
cally this size has been modified in order to accurately reproduce geometry and ensure
results closer to reality. The surface elements were given material and geometric charac-
teristics corresponding to those used in the actual structure. The thickness coincident
with the thickness of the profile walls, from which the frame elements have been welded,
has been defined. The material was defined by giving it the value of the Young's modulus,
Poisson's coefficient and the density corresponding to the one used in the construction,
i.e. steel. Contacts have been defined in order to map relations between the components
of the frame [31, 35, 42].

Fig. 3. A discreet model of the vehicle frame grid - isometric projection
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Fig. 4. Examples of discretised components using elements of the quadrilateral and triangular types

The developed discrete connection model was used in the right places of the vehicle
frame. In the stage of discretization of vehicle frame geometry, after the analysis of docu-
mentation and 3D model, technical simplifications were assumed, in the form of simplify-
ing the shape and the use of RBE elements in the place of standard elements such as
screws and welds (Figures 5-6) [36, 37].

The method and place of weld/thread connections prepared in the Altair HyperMesh preproc-
essor was developed on the basis of the technical documentation received from the client.

RBE Elements

Fig. 5. RBE elements of the OptiStruct numerical solver used in the vehicle frame




88 The Archives of Automotive Engineering - Archiwum Motoryzacji Vol. 85, No. 3, 2019

RBE Elements

Fig. 6. RBE elements of the OptiStruct numerical solver used in the vehicle frame

3. Methodology of Measurements

The measurement was carried out on the beam of the intermediate frame in three places,
marked with the following abbreviations: FL - Front Left, FO - Front Center, FR - Front Right,
RL - Rear Left, RO - Rear Center, RR - Rear Right. (Figure 7). Due to the digitized nature of the
test model, the measurement of deflection must be made on a fixed measuring section.
The center of the section will be at the designated points that correspond to the places on
the actual intermediate frame. The length of the measuring section is 160 mm, the same

as the length of the optical base of the OPK angular level (Figure 19).

FR| «|RR
FO| e .|ro
FL ¢ Rt

Fig. 7. Scheme of measurement points, where FL - Front Left, FO - Front Center, FR - Front Right, RL - Rear Left,

RO - Rear Center, RR - Rear Right
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A sub-frame was made to carry out a physical test of torsional stiffness (Figures 8-9).

Fig. 8. Intermediate frame

Fig. 9. Intermediate frame attached to the vehicle frame

4.Boundary conditions and defining the load

The discrete model developed for the frame geometry of the vehicle frame, was loaded
and fixed in a manner convergent with the method of fixing during the endurance test the
actual tested unit.

The test load value for the vehicle frame as agreed with the customer was 1962 N (200 kg)
and 2550.6 N (260 kg). The load was applied to the intermediate frame. The load in the
developed discrete model was distributed to the surface via RBE elements (Figures 10-12).
The distance of the applied force to the center of rotation is 1 m.
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11
Subcase 1 (Serecarne) - Static Analysis - Frame 0

Fig. 10. Place of application of force

The load was applied to the beam at a distance of 1000 mm from the axis of rotation.

The distribution of force took place through RBE3 elements in the area covering the width
of the beam and the length of 100 mm. The fixing points for the front and rear rotation are
shown in the figures (Figures 13-15). Load value: 1962 N (200 kg) and 2550.6 N (260 kg).
These loads corresponded to the weight of the weights used during the test on the actual
object. In all analysis configurations, both the method of attachment and the application
and distribution of force have been defined in the same way.

Fig. 11. Location of load application - left front
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Fig. 12. Location of load application - right rear

Fig. 13. Mounting location - front

Fig. 14. Location of mounting of the frame - rear
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Fig. 15. Placement of the rotation axis - possibility of rotation around the "Z" axis and displacement
along the "Z" axis

5. List of results of numerical analyses and calculation of
stiffness

The following are examples of results of numerical analysis. The figures below show re-
duced displacements (Figure 16) and displacements in the vertical axis (Figure 17) [18, 22].

Load applied from the right side - rear (RR) - 260 kg

Cortor Pl

Displacement{Mag)

Flissideli
1.023E+01

[9 089E+00
7.953E+00
6.817E+00
5.681E+00
4544E+00
3.408E+00
2.272E+00
1.136E+00
0.000E+00

1 No result

Max = 1.023E+01

Grids 923989

Min = 0.000E+00

Grids 999179

Subcase 1 (Skrecanie)

';; Nl W |
1

“HER )

i

T N

Fig. 16. Reduced displacement (RR) - 260 kg
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Cortour Plot
Displacemert(Y)
Analysis systern
4.535E+00
[ 2.897E+00
1.259E+00
7 -3.790E-01
-2.017E+00
-3.655E+00
-5.293E+00
-6.931E+00
-8.569E+00
-1.021E+01

Max = 4.535E+00
Grids 917611
Min = -1.021E+01
Grids 916604

Fig. 17. Displacement in the "Y" axis (RR) - 260 kg

The torsional stiffness of the body k¢ is the ratio of the change in the torque of the body
to change the angle of its sprain, according to the formula:

ks =AM/ A (1)

Knowing the geometrical quantities (force arm) and the value of the applied load, we can
estimate the moment and by measuring the angle change, we are able to calculate the tor-
sional rigidity of the frame or vehicle body (Table 1). It should be emphasized that depend-
ing on the section on which the body is bolted, we will get different values of its torsional
stiffness [14, 25].

When developing the results, the place of restraint of the body and the place where the
load is applied must be provided [15, 24, 26].

Tab. 1. Summary of results from the conducted analyses, measurement on the beam

Mark Front Rear Stiffness

FL[°] FO[°] FR[°] RL[°] RO [°] RR[°] [Nm/°]
B1.1.200 0 0 0 0.266 0.288 0.317 6813
B1.1.260 0 0 0 0.345 0.374 0.413 6820
B1.2.200 0 0 0 0.319 0.289 0.268 6789
B1.2.260 0 0 0 0.415 0.376 0.348 6784
B1.3.200 0.265 0.288 0.312 0 0 0 6813
B1.3.260 0.345 0.377 0.410 0 0 0 6766
B1.4.200 0.315 0.290 0.265 0 0 0 6766
B1.4.260 0.406 0.374 0.343 0 0 0 6820
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6. Study of the real frame

Boundary conditions

The location and method of fixing the frame of the tested vehicle to the intermediate frame,
which is attached to the test stand and to which the assumed load is applied, is presented
below (Figure 18) [6, 9, 17].

Fig. 18. Location of intermediate frame fixing with front fastening of the sledge and the rear beam

Measurement method

The torsion angle was measured using the optical angle level OPK. The protractor allows
measurement with accuracy of one minute. Angle measurement consisted in setting
the protractor on the beam in one of three fixed measuring points. In order to obtain the
result, one had to use the knob /3/ to set an air bubble on the level between two straight
lines /2/, which meant that the protractor was horizontal. Next, the protractor was di-
rected to the light source and the angle value from the scale was read looking through
the viewfinder /1/.
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Fig. 19. Application of a protractor

Before starting the measurement, the torsional values without load were read for each
variant (B1, B2, B3, B4) (Table 2). In this way, the zero values of the frame twisting were
determined. Then the frame was loaded on the shoulder 1 m, with weight of 200 kg. The de-
flection angles were read at all test points. The weight was increased to 260 kg, the deflec-
tion angle values were read again. The last reading was done again at a weight of 200 kg
[11,12, 20].

Tab. 2. Markings used in the conducted tests

A detailed description of the designation in the test
Bx.1- FF.RM.R. Front Fixed-Rear Movable-Right side loaded
Bx.2 - FF.RM. L. Front Fixed-Rear Movable-Left side loaded
Bx.3 - FM.RF.P. Front Movable - Rear Fixed - Right side loaded
Bx.4 - FM.RF.L. Front Movable -Rear Fixed - Left side loaded

B1.1.0 First test with a load of 0 kg
B1.1.200.1 First test with a load of 200 kg
B1.1.260 First test with a load of 260 kg

B1.1.200.2 Test first again with a load of 200 kg
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Twisting the front part of the frame

The place and manner of applying the load to the frame of the tested vehicle by means of
an intermediate frame, which is attached to the test stand, is presented below. The load
is made using a set of weights (Figure 20) [19, 21].

Fig. 20. Example load method - 260 kg, load from the left side - front (FL)

Input data:

Distance from the pivot point:
* L=1000 mm

Load:
* 1962.0 N (200 kg)
* 2550.6 N (260 kg)

Moment:
* 1962.0 Nm
* 2550.6 Nm

The value of the gravitational acceleration:
* g=9.81lm/s?

Stiffness:
. k¢ =AM/ A¢ [Nm/°]
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7. List of results obtained from the test on the real object

The table below presents a summary of the results from the tests carried out on the real
object. These results were compared with the results of numerical analyses and used
in the validation of models and the assumed methodology (Table 3).

Tab. 3. List of results

Front Rear Stiffness
Mark

FLI°] FO[°] FR[°] RL[°] RO[°] RR[°] [Nm/°]
BI1.1.0 0.233 0.067 -0.133 0.067 -0.083 -0.233
B1.1.200.1 0.233 0.067 -0.m17 -0.233 -0.367 -0.550 6925
B1.1.260 0.233 0.067 -0.133 -0.300 -0.450 -0.650 6956
B1.1.200.2 0.233 0.067 -0.133 -0.233 -0.367 -0.550 6925
B1.2.0 0.233 0.067 -0.133 0.033 -0.100 -0.267
B1.2.200.1 0.233 0.067 -0.133 0.317 0.200 0.017 6540
B1.2.260 0.233 0.067 -0.133 0.417 0.283 0.100 6654
B1.2.200.2 0.233 0.067 -0.133 0.317 0.200 0.017 6540
B1.3.0 -0.283 -0.100 0.133 -0.033 0.067 0.217
B1.3.200.1 -0.017 0.200 0.417 -0.017 0.067 0.217 6540
B1.3.260 0.083 0.267 0.500 -0.033 0.067 0.217 6956
B1.3.200.2 0.000 0.200 0.417 -0.033 0.067 0.217 6540
B1.4.0 -0.267 -0.083 0.133 -0.050 0.083 0.200
B1.4.200.1 -0.583 -0.367 -0.133 -0.050 0.083 0.217 6925
B1.4.260 -0.667 -0.450 -0.217 -0.050 0.083 0.217 6956
B1.4.200.2 -0.583 -0.367 -0.133 -0.050 0.083 0.217 6925

8. Summary of results and conclusions

The assumptions adopted for modelling the vehicle enabled the development of its com-
putational model with the maximum possible mapping of reality, enabling the calculation
of strength of the frame with the adopted extortions.

The obtained results of strength calculations, in addition to estimating the torsional stiff-
ness of the vehicle frame, also indicate areas of the structure for which special attention
should be paid during operational tests. An additional goal of the numerical analysis was to
capture critical points in the structure (places of stress accumulation) [10, 13, 16].

Distortion results, and thus torsional rigidity, obtained from the OptiStruct solver and real
tests are convergent with each other. The analyses were carried out for the frame itself.

Tests of the frame torsional stiffness together with the door, the plating, suspension com-
ponents, engine, transmission and other components increasing stiffness, would give
amuch betterresult, because such a construction would constitute a reinforced half-shell.
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Another important aspect is the adequate balance of the rigidity of the structure and the
assumed vulnerability of the frame elements, essential in the analysis of passive safety
during the impact. Properly designed crumple zone must assume a significant deformation
of appropriate body fragments, so that the collision energy is properly decelerated and de-
lays occurring during the collision are on the appropriate level, defined in the Regulations
UNECE 94 and 95, and thus provide a chance of survival for the driver and passengers.
The construction, however, cannot be too limp, so that the inside of the cabin will not
penetrate and passengers will not be injured. It is also important to meet the requirements
of UNECE Regulation No. 12, which says that the displacement of steering system compo-
nents must not exceed the assumed values.

Too high stiffness of the body may deteriorate the directional stability of the car movement.
Because there are uncontrolled displacements of the attachment points of suspension and
steering elements, caused by dynamic forces, e.g. from road unevenness, there may be
achange in the angles of the wheel alignment, making the vehicle's steering characteristics
deviate from the nominal one assumed in the design process (active safety) [33, 39].

In the construction of the Vosco S106, all these important design aspects have been con-
sidered (Table 4) [34, 40, 43].

Tab. 4. Example values of torsional stiffness of passenger car bodies [23]

Carmodel Torsional Stiffness [Nm/°]
Vosco S106 6956
Opel Astra | 8000
Opel Astralll 12000
Opel Astra Il coupe 18000
Opel Astrallll 14500
VW Golf Il 8620
VW Golf Ill 11100
VW Golf IV 16500
Ford Focus | 14400
Fiat Punto Il 3d 12750
Fiat Punto Il 5d 15000
Alfa Romeo 147 3d 19200
Alfa Romeo 147 5d 16500
Peugeot 607 18500
Peugeot 307 SW 18500
Saab 9_3 Sport Sedan 22000
Saab 9_3 Cabriolet 11500
BMW series 5 25000
BMW series 7 27000

Jaguar K-Type wagon 16300
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The table below shows a comparative summary of the results of the tests conducted on
the real object and the results from numerical analyses (Tables 5-6).

Tab. 5. Summary of results for a load of 200 kg

Real [Nm/°] Simulation [Nm/°] Difference [%]
RR (Rear Right) 6925 6813 1.64
RL (Rear Left) 6540 6789 3.67
FR (Front Right) 6540 6813 4.00
FL (Front Left) 6925 6766 2.34

Tab. 6 List of results for a load of 260 kg

Real [Nm/°] Simulation [Nm/°] Difference [%]
RR (Rear Right) 6956 6820 1.99
RL (Rear Left) 6654 6784 1.91
FR (Front Right) 6956 6766 2.81
FL (Front Left) 6956 6820 1.99

The above data show the rigidity of vehicles with a welded semi-shell structure. Direct
comparison of vehicles with a frame-based design would be sensible after covering the
plating and other components of the structure, constituting elements and knots that in-
crease the stiffness of the vehicle. The covering of the above parts in the finished body
significantly increases the stiffness of the structure. The following results show that the
prepared numerical model, the type of numeric solver used, the assumed simplifications,
material models, the manner in which the load was implemented and other aspects of the
simulations carried out were well chosen. The correlation between the test results on the
real object and the results of the carried out numerical analyses is sufficiently high (within
4%). Assumptions, material models and applied analysis settings led to the correct valida-
tion of the numerical model.

Experience and knowledge resulting from the above trials and analyses will be used in the
future while creating similar experiments and trials. They will also form the basis for further
work on the optimization of the construction, models and vehicle design process.
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