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Abstract

In this paper, the validation of the comfort simulation strategy on an electric Stewart Platform under road driving scenarios
is explained. First, an introduction to the vibroacoustic comfort theory in passenger cars is presented. Second, the Stewart
Platform used for the validation process is explained. Third, the methodology conducted for the validation of a hexapod for
ride comfort applications is detailed. Finally, the Stewart Platform has been validated under real world road driving
scenarios for the 6 degrees-of-freedom by means of the Vibration Dose Value. The final goal of the validation strategy of the
electric Stewart Platform is to perform ride and comfort studies in a driving simulator for the 1-10 Hz frequency range.
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Introduction

Driving simulators play an important role in research concerning vehicle dynamics, human comfort factors, and the
development of new advanced driver assistance systems.' These platforms enable testing to take place much earlier in the
development process at lower cost, meaning the vehicle is closer to production when the physical prototypes are produced.
The simulator then becomes an integral part of the vehicle development cycle as it provides a natural link between the
phases of car design, from computer modeling to laboratory testing and finally to the test track.’

One of the most widely used driving simulators in industry are Stewart Platforms, first proposed in 1965, but then
evolved into a popular research topic of robotics in the 1980s.” This manipulating structure is a 6 degrees-of freedom (DOF)
parallel mechanism originally proposed to simulate flight conditions by generating motion in space for helicopter pilot
training.

Stewart’s mechanism consists of an upper dynamic platform supported by ball joints over six legs (actuators) of
adjustable lengths and angular altitudes connected to the ground through universal joints. This way, the platform control
allows to simulate the dynamics of a real vehicle in the three linear (longitudinal, lateral, vertical) and three rotational (roll,
pitch, yaw) DOF by means of the retraction and extension of each actuator. To that end, driver inputs are firstly used to
calculate the dynamics imposed by the vehicle model, which will be used by the feedback systems to give the driver the
necessary cues. Second, the controller uses the kinematic model of the upper platform to position the simulator according to
the maneuver imposed by the driver.

Recent applications of simulators go beyond aeronautics, being widely used as automotive simulators, ultra-precision
positioning devices, ultra-fast pick, and place robots and micro-robots or medical applications. In the automotive sector,
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recent studies use driving simulation technology to assess energy management strategies (EMS), human machine interfaces
(HMIs), active control systems (ACSs), advanced driver assistance systems (ADAS), road planning, and as a ride comfort
assessment tool.* Ride comfort is a critical factor to evaluate the automobile performance and has been an interesting topic
for researchers for many years, being whole-body vibration (WBYV) transmission to passengers one of the most influent
aspects on comfort, performance, and health.” WBV in vehicles depend on the intensity, frequency, direction, and exposure
time of the input motion, and the characteristics of the seat from which the vibration exposure is received.® In this sense,
most problematic frequencies in terms of sensitivity to WBV are between 1 and 10 Hz. Vibrations up to 10 Hz affect all of
the human organs, being the human body most sensitive to vertical vibrations in the 4-8 Hz frequency range,’ and 1-2 Hz in
the x and y directions.® Vibrations beyond 10 Hz have local effects. Then, this study will focus on the most problematic
frequency range of WBV (1-10 Hz).

In consequence, automobile designers give great attention to the isolation of vibrations in the car in order to provide a
comfortable ride for the passengers. In this sense, vehicle’s suspension is an important component to ensure ride comfort,
since its performance directly affects the vehicle’s ride comfort and handling stability.” Thus, the design of the vehicle’s
suspension system must compromise the demand of ride comfort and handling stability. Then, the shock absorber spring
assembly becomes a fundamental element of the suspension system.'’

In order to regulate the vibration environment in seated positions, there are three human response to vibration standards
of main interest: (ISO 2631-1, 1974), (ISO 2631-1, 1997),'" and (BS 6841, 2020). These standards provide several steps to
follow for a proper analysis and the methods to be applied to analyze acceleration signals measured in road vehicles. In this
regard and in order to make a correct validation of the ride comfort simulation strategy on a Stewart Platform, it is necessary
to determine the appropriate maneuvers. The main evaluation methods of vehicle comfort include absorption power
method, ISO2631 method, comprehensive evaluation method, and IRI method. In Refs. 12 and 13, it is shown that
ISO2631is suitable for the evaluation of the comfort of low speed; this paper studies the speed in 5 m/s—50 m/s, and the
speed is relatively low. Therefore, this paper uses the ISO2631 method to evaluate vehicle comfort. Consequently, this
paper is based on the standards and directives in how to do a proper analysis (test cases and metrics) and give standardized
results for the validation of an electric Stewart Platform for comfort studies by means of the vibration response of the seat of
a Toyota Prius in the 1-10 Hz frequency range. This is, the purpose of this study is to validate if a vehicle simulator can
reproduce the same vibroacoustic behavior at the contact point between the seat and the driver when it is excited with the
same acceleration profile in the 6 DOF imposed on the sprung mass of a real car as a consequence of a specific set of
maneuvers.

The article is structured as follows:

1. First, an introduction to the vibroacoustic comfort theory in passenger cars is presented in order to determine the
correct metrics to be applied.

2. Secondly, the Stewart Platform used for the validation process is explained.

Thirdly, the applied methodology for the validation of a hexapod for ride and comfort applications is detailed.

4. Finally, the comfort simulation strategy on the Stewart Platform is tested under road driving scenarios for the
6 degrees-of-freedom (DOF).

W

As a result, the Stewart Platform has been successfully validated for ride and comfort applications in the 1-10 Hz
frequency range.

Vibroacoustic comfort in passenger cars

Noise, vibration, and harshness (NVH) is the field of measuring and modifying the vibroacoustic characteristics of ve-
hicles.'* Noise is unwanted sound from 100 Hz to 2.000 Hz, vibration is the oscillation that is typically felt rather than heard
(0-100 Hz) and harshness describes the severity and discomfort associated with unwanted sound or vibration.'* Noise and
vibration can be measured, but harshness is a more subjective assessment. Since subjective evaluation is subject to
variability, an evaluation based on objective parameters is performed in order to provide more consistent results.'®
Extensive studies have been carried out by automobile engineers to identify and evaluate noise and vibration generation
in vehicle cabin.'” According to Ref. 8, the transmission of power from engine to wheels, the tire road interaction and the
aerodynamic forces are the main sources of WBV in passenger cars. Then, the seat dynamics may become significant in the
ride quality since this element directly transmits the vibration to the passenger.'® Moreover, the frequency responses of
some body segments such as the head, the neck, the upper torso, the upper arms, the lower arms, and the central torso are
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dominant at 4.44 Hz,' which is in the fundamental human body frequency range of 4-6 Hz reported by Kitazaki and
Griffin.*’

Consequently, in order to validate an electric Stewart Platform for ride comfort applications, the accelerations measured
at the contact point between the seat and the driver in a hexapod and in a Toyota Prius will be correlated. This correlation
will be performed considering the same driving scenarios, the same seat structure and the same driver to avoid deviations
due to differences in the dynamic performance of the seat or the coupling effect between human body and the seat.

Now, an evaluation of the different metrics available for a quantitative prediction of overall seat discomfort is made
according to the standards (ISO 2631-1, 1974), (ISO 2631-1, 1997),'" and (BS 6841, 2020). These metrics are the root mean
square (RMS) value, the crest factor (CF), and the vibration dose value (VDV).

Root mean square acceleration

The RMS method is a statistical measure of the magnitude of a changing quantity.>' The ride comfort considering the
regulation prescription is assessed exploiting the frequency weighted RMS acceleration as defined by

T 2
RMS = {%/O az(t)dt} , 1)

where a(?) is the frequency-weighted acceleration time history and 7 is the duration of the measurement in seconds.
For periodic vibration and stationary random WBYV, the RMS frequency-weighted acceleration often provides a

sufficient useful indication of the relative severities of different motions.> On the contrary, involving transient vibration,

shocks, and non-stationary vibrations the period of time over which an RMS value is determined affects its magnitude.”

Crest factor

In order to obtain information from acceleration data single phenomenon or global characteristics can be analyzed.
Concerning the former, peak-to-peak or peak values can properly characterize the severity of the vibration if isolated
phenomena are to be used. On the contrary, a single peak could not be representative, having no impact on global behavior.

In this case, the RMS is of great interest for giving an idea of the energy contained in the vibration.'> Obviously, the
combination of, for example, peak velocity with RMS acceleration provides much more information that each of the
constituents on its own. In fact, the CF can be used to indicate the relative relevance between them as'®

B Peak

CF = .
RMS

@)

It is assumed that when equation (2) returns high values, the analyzed motions are better described by means of peak
acceleration while low ones indicate that the RMS acceleration should be employed. However, neither peak nor RMS
values provide information of the impact of the duration of the vibrational phenomena. Hence, other parameters are
needed. '’

Vibration dose value

Neither peak nor RMS values provide information of the impact of the duration of the vibrational phenomena. Hence, other
parameters are needed. Assuming both peak and RMS accelerations are well balanced, it is possible to evaluate whole-body
vibration response by means of a cumulative measure called “dose”. Experimental studies show that vibration dose value
provides a convenient measure of the total severity. The vibration dose value is defined as®*

t=Ts zll
VDV = [ / a4(t)dt] 3)

=0s

The VDV (see equation (3)) uses the RMS acceleration raised to the fourth power, what ensures the VDV is more
sensitive to the peaks in the acceleration levels. Thus, the VDV provides a simple and robust measure that is applicable to all
deterministic motions including shocks and transients and all random motions including non-stationary motions, while the
use of the RMS measures is far more restricted.'> One practical consequence of the difference between the methods is
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reflected in the need to specify the period over which the vibration is to be measured. This can greatly influence RMS
measures but has no effect on the VDV so long as the measurement period includes the event of interest.

Then, the VDV has been used for the correlation of the accelerations measured at the contact point between the seat and
the driver in a hexapod and in a Toyota Prius for the validation of an electric Stewart Platform for ride comfort applications
under the same road driving scenarios.

The Stewart platform

Hydraulic motion-control systems have been used in the flight and automotive industry for more than 40 years for meeting
the required performance specifications. They are significantly faster and have more torque producing capability. However,
special control systems are required for their linear performance and the response time of the hydraulic systems are limited
compared to electromechanical systems. Moreover, hydraulic robots require much more peripheral equipment, derived in
higher maintenance costs, and they are noisy.>

In consequence, most of the robotics applications use DC- or AC-servo motors or stepper motors, since they are cheaper,
cleaner, quieter, and relatively easy to control.’® That is why electric servo drive systems are chosen as the driving
mechanism for small-scale Stewart Platform application, such as research in vehicle dynamics.?’

Mechanics of a Stewart platform

A Stewart Platform consists of a base, a mobile platform and six linear actuators that join both parts. With its extension and
retraction, the actuators give the platform six degrees-of-freedom positioning capabilities, consisting of three translational
(sway, surge, and heave) and three rotational (roll, pitch, and yaw) (see Figure 1).

The Stewart Platform from Figure 1 corresponds to a Cruden simulator eMove eM6-640-1000 model. The mobile
platform is based on a 1000-kg-playload cockpit composed by the seat, the dashboard, three-42"-screens, and the audio
system. Table 1 shows the application range at a gross moving load of 1000 kg of the 640-motion base.

Table 1 verifies, on the one hand, that this platform is suitable for working in vehicle dynamics applications, where the
maximum accelerations of the suspension system are framed within the range of +2 ms™.*® On the other hand, the platform

Figure |. Electric Stewart Platform. (a) General overview (b) Upper view.
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Table I. Technical specifications of the 640-motion base at a gross moving load of 1000 kg.

DOF Position Velocity Acceleration
Sway —480/600 mm 800 mm/s 12 ms™
Surge —500/500 mm 800 mm/s Il ms?
Heave —413/418 mm 600 mm/s 14 ms™
Roll —23.8/23.8° 35°/s 400°s™
Pitch —23.7/26.1° 35°s 500°s
Yaw —25.5/25.5° 40°/s 900°s

working frequency range (1-10 Hz) allows to address the most problematic frequencies in terms of sensitivity to WBV.
Human sensitivity to WBV is highest around 4-8 Hz in the z direction, and 1-2 Hz in the x and y directions.®

The actuators are linked to the base with a universal joint and to the moving platform with a spherical joint, while the
torque-force of the actuator is transmitted from a synchronous belt and snail system. Each actuator is moved by a permanent
magnet synchronous motor (PMSM).

Motion control strategy

There are two methods for the definition and control of the dynamics of a Stewart Platform: task-space control (or forward
dynamics) and joint-space control (or inverse dynamics).?’ The forward dynamic strategy maps the joint space dis-
placements to the task space though a multi-input multi-output framework. The inverse dynamic strategy controls each
actuator of the platform as a single-input single-output system.

For a parallel manipulator, inverse dynamics is straight forward and there is no complexity deriving the equations.
However, forward dynamics of Stewart Platforms is very complicated and difficult to use since it requires the solution of
many non-linear equations.

Hence, the driving simulator is an inverse electric Stewart Platform where the input signals are referenced to the moving
platform centroid (MPC) through a soft-real time communication system (see Figure 1(b)). Being the center of the steering
wheel the reference point of the platform, the MPC coordinates are shown in Table 2 according to the reference system of
Figure 1(b) (SAE coordinate system).

Then, the commanded inputs to the MPC are acceleration in x-axis (X, ), acceleration in y-axis (), acceleration in z-axis
(%), acceleration in roll (fx;,), acceleration in pitch (fy;,), and acceleration in yaw (fz;,). The system communication
frequency rate is f, = 1000 Hz.

In order to match the objective inputs, each actuator has a PI controller over the velocity signal. However, the response of
the hexapod is influenced by its inertial, stiffness, and frictional characteristics over its operating range (see Table 1). In
consequence, the platform overestimates the command signals in high-energy scenarios because the control does not
consider the inertia and stiffness of the simulator and it underestimates the command signals in low-energy scenarios by
effect of the friction of the actuators and electric motors. As a result, the analyzed Stewart Platform presents an inaccurate
behavior making it unsuitable for vehicle dynamics and ride and comfort applications.

To overcome these limitations, Santos and Garcia-Barruetabefia, (paper Under Review) propose a motion control
strategy based on the experimental dynamic model of an electric Stewart Platform and on commanded signal modulation
through its frequency components identification by means of the autoregressive method that allows to optimize its
performance throughout its operating range under real road signals in the 6 DOF. Then, any set of command signals sent to
the MPC must be corrected according to the control strategy developed in this reference so that the simulator is able to
reproduce the dynamics imposed accurately. This control is mandatory for ride comfort evaluations with this driving
simulator.

Methodology

This section explains the applied methodology for the validation of an electric Stewart Platform for ride and comfort
applications. For this analysis, the simulator is used as a tool to replicate real road signals measured at the MPC of the car,
bypassing the vehicle model. Then, the commanded inputs sent to the MPC are the 6 accelerations measured in the real
driving maneuvers explained in section Comfort tests.
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Table 2. MPC coordinates referenced to the steering wheel.

Distance Value (mm)
Distance in X 136.3
Distance in Y 0
Distance in Z —324.7

This methodology is based on the correlation of the accelerations measured at the contact point between the seat and the
driver in a hexapod and in a Toyota Prius by means of the VDV for the experimental campaign defined in section Comfort
tests. Each experiment performed with the Toyota Prius has been replicated in the simulator with the original accelerations
measured from the tests, considering the same seat structure and the same driver to avoid deviations coming from the test
conditions.

Comfort tests

1SO2631-1-1997 method takes the sitting human body under vibration as the analysis model. This method considers the
driver and passenger lean on the seat, and the vehicle vibration is transmitted to the human body through the seat, the floor,
and the seatback. In the analysis, 12° of freedom are considered: the three axial directions at the seat center point; the three
rotational directions at the seat center point; the three axial directions at hip and the three axial directions at the seatback.

However, taking into account that Foot-Transmitted-Vibration (FTV) is deemed negligible as it has minimal effects on
the ride comfort,*” only an evaluation of the vibrations measured at the seat will be made. In this respect, the measurement
of the seat transmissibility is usually measured by using accelerometer pad located at the center of seat surface (ISO 2631-1
(1997)).%'3 Then, the center of the seat pad is considered as the reference point for the comfort analysis.

Taking this into account, for the validation of the comfort simulation strategy on the electric Stewart Platform from
Figure 1, an experimental campaign has been designed to excite the natural frequencies of the chassis in the 6 DOF (see
Figure 2), in order to evaluate the accelerations perceived in 6 DOF of the center of the seat as a consequence of these
excitations.®**> propose to select characteristic driving maneuvers according to their frequency of occurrence in real traffic:
acceleration, deceleration, and lane change®®’” also propose to include bumpy roads into the comfort evaluation
experiment.

Then, this experimental campaign has been divided into two groups of tests depending on the origin of the excitation:
excitation coming from the steering wheel or excitation coming from bumps, performing five repetitions for each test to
ensure repeatability of results.

Moreover, since a Toyota Prius has regenerative braking capabilities, the specific vehicle configuration can alter the
dynamic vehicle behavior while releasing the accelerator pedal or while pressing the brake pedal. Then, the maximum test
speed for the Toyota Prius has been set at 50 km/h to avoid the combustion engine’s inception on the vibroacoustic behavior
of the powertrain, as the electric motor works up to about this velocity.

On the one hand, tests with steering wheel excitation have been repeated for the test speeds X7p, = 10 km/h, x7p, = 20
km/h, xXrp, = 30 km/h, xX7p, = 40 kmv/h, and xX7p, = 50 km/h, where x7p, refers to the testing speed 1 of the vehicle.

1. Acceleration test: performed according to GB/T 4970-1996 as stated in.*" Excited axes: longitudinal and vertical.
2. Lane change: performed according to ISO 4138 as stated in.*! In order to consider the non-symmetry of the car in the
Y-axis, this test has been done with right-hand and left-hand line changes. Excited axes: lateral and yaw.

On the other hand, tests where rubber bumps have been considered have been repeated for the test speeds X7p, = 5 km/h,
Xrp, = 10 km/h, X7p, = 15. Bump tests have been limited to 15 km/h, as the maneuvers are too aggressive beyond this speed
level beyond this speed level.

1. Bump pitch: bump pitch with the wheels of both sides simultancously separated at a distance two times the
wheelbase (2.7 m), being the excited axe, pitch.

2. Bump roll: bump roll with one-side wheels independently at a distance equal to the wheelbase. In order to consider
the non-symmetry of the car in the Y-axis, this test has been done with the left and right wheels in two different tests,
being the excited axe, roll.
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Figure 2. Comfort tests maneuvers.

Then, all the tests from Figure 2 have been carried out according to the conditions established in (ISO 15037-1, 2019).
The driving environment and vehicle conditions for the experimental campaign are detailed now.

Environment conditions. Regarding the track, all tests have been carried out on a new, smooth, clean, dry, and uniform paved
road surface. The international roughness index (IRI) for new, reconstructed, and rehabilitated roads in Spain is 1.5—
2.5 mm/m, which corresponds to a “good” or “very good” asphalt quality.*®

Moreover, the gradient of the paved test surface to be used does not exceed 2% in any direction when measured over any
distance interval between that corresponding to the vehicle track and 25 m. The ambient wind velocity has not exceeded
5 m/s during all tests (ISO 15037-1, 2019).

Vehicle conditions. The test vehicle is a Toyota Prius III Generation (2013), this is, a passenger car in accordance with (ISO
3833, 1977).

Regarding the tires, they have run in for at least 150 km on the test vehicle without excessively harsh use and they have
been balanced before performing the tests and maintained in the same position for the complete experimental campaign
(ISO 15037-1,2019). Tires have a tread depth of at least 90% of the original value across the whole breadth of the tread and
around the whole circumference of the tire and they have not been manufactured more than 1 year before the tests (Jan-
2021). Finally, tires have been inflated to the pressure as specified by the vehicle manufacturer for the test vehicle
configuration at the ambient temperature of the tests (20°C), this is, 250 kPa.

Moreover, the four pressurized passive twin-tube hydraulic shock absorbers Vogtland 967,003 have been replaced to
avoid a malfunction of the suspension system that could influence the dynamic behavior of the vehicle during the tests.

Care shall be taken to generate a minimum deviation in the location of the center of gravity and in the moments of inertia
as compared to the loading conditions of the vehicle in normal use, in accordance with (ISO 2416, 1992). In consequence,
the test mass has been between the complete vehicle kerb mass (ISO 1176, 1990) (1.395 kg) plus driver and test equipment
(56 kg; combined mass should not exceed 150 kg) and the maximum authorized total mass (ISO 1176, 1990) (1.790 kg).
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Finally, all relevant vehicle components shall be warmed up prior to the tests in order to achieve component temperatures
representative of normal driving conditions. A procedure equivalent to driving at the test speed for a distance of 10 km has
been performed for that end (ISO 15037-1, 2019).

Measurement instrumentation and layout

On the one hand, four 356A16 triaxial piezoelectric PCB sensors have been used in order to obtain the vibration signal of
the sprung mass in the MPC of the Toyota Prius to be used as the reference inputs in the Stewart Platform. On the other hand,
a Briiel and Kjaer model 4515 seat-mounted triaxial accelerometer designed for full-body vibration measurement in the
field has been used to measure the output accelerations in the contact point between the seat and the driver in the Toyota
Prius and in the Stewart Platform.

Sprung mass vibration sensors. Table 3 shows the technical specifications of the PCB 356A16 accelerometers used to
calculate the vibration of the sprung mass in the MPC of the Prius for each of the tests of the experimental campaign. It is
emphasized that the measurement reference system of these sensors is x+ backward; y+ right; z+ up (reference system 1).

As can be seen in Table 3, the selected accelerometers are suitable for measuring real road signals with frequency
components in the 1—10 Hz range in the three axes with a sensitivity of 10.2 mV/ms?. Moreover, the maximum accelerations
measured fall within the range of admissible accelerations of the driving platform (see Table 1). The sampling frequency
used in the measurements was 4960 Hz since the sampling frequency should be at least five times the highest frequency in
the nominal frequency range (ISO 8041-1, 2017).

The PCB sensors have been located on the upper flat part of the four suspension corners through adhesive mounting
bases, since smooth surfaces and stiff adhesives provide the best high frequency response. The adhesive mounting base
attachment method involves attaching a base to the test structure, then securing the sensor to the base. Since the used bases
are manufactured of “hard-coated” aluminum, they provide electrical isolation to eliminate ground loops and reduce
electrical interference that may propagate from the surface of the test object.

Figure 3 shows the layout of the four sensors referenced to the MPC of the Prius considered for the measurement of the
accelerations of the body for each experiment from section Comfort tests. Notice that the reference system of the Toyota
Prius matches the reference system of the Stewart Platform (see Figure 1), this is, the SAE coordinate system (x+ forward;
y+ right; z+ down).

Table 4 shows the dimensions shown in Figure 3 according to the SAE reference system.

It should be remarked that the four dampers of the Prius have an inclination angle around the x-axis and to the y-axis.
Table 5 shows these angles for the front and rear suspension, according to the SAE reference system.

Notice that the reference system of these sensors is x+ backward; y+ right; z+ up. Then, the measured accelerations must
be converted to the SAE reference system of the Prius and the Stewart Platform. In consequence, accelerations in the
longitudinal and vertical axis must be considered in the opposite direction than the row measurement. These 12 SAE
measured accelerations are shown in Table 6.

The 12 accelerations from Table 6 are then used to obtain the 6 accelerations in the MPC of the Toyota Prius. Since the
excitations obtained in the MPC of the Toyota Prius will be used as the reference inputs to excite the MPC of the Stewart
Platform (Figure 1), it is necessary that both MPC refers to the same spatial point. Otherwise, the vibrations transmitted to
the seat could be different in both platforms because of different excitation origins. To avoid this, the MPC of the Toyota
Prius is at the same position as the MPC of the Stewart Platform referenced to the steering wheel.

Table 7 shows the position of the MPC, taking the steering wheel as the origin of coordinates, according to the SAE
reference system.

Distances from Table 7 can be used to locate both the MPC of the Stewart Platform and the MPC of the Toyota Prius.

Seat sensor. The seat accelerometer type 4515 is specially designed for whole-body vibration analysis and has been used for
the measurement of the acceleration in the contact point of the seat and the driver in order to validate the Stewart Platform
from Figure 1 for ride comfort applications by means of the VDV.

It consists of an accelerometer housed by a semi-rigid nitrile rubber disc and complies with (ISO 7096, 2020),'" and (ISO
10326-1, 2016). It can be placed under a seated person, on a vibrating surface with a suitable weight on, or strapped to the
body. It is emphasized that the measurement reference system of this sensors is x+ backward; y+ right; z+ up. The technical
characteristics of this sensor are listed in Table 8.
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Table 3. Technical specifications of PCB 356A16 accelerometer.

Performance
Sensitivity (+10%)
Measurement range

Frequency range (£5%) (y or z axis)

Frequency range (£5%) (x axis)

Frequency range (x10)

Resonant frequency

Broadband resolution (1)

Phase response (+5°)

Non-linearity

Transverse sensitivity
Environmental

Overload limit (shock)

Temperature range (Operating)

Temperature response

Base strain sensitivity
Electrical

Excitation voltage

Constant current excitation

Output impedance

Output bias voltage

Discharge time constant

Settling time (within 10% of bias)

Spectral noise (I Hz)

Spectral noise (10 Hz)

Spectral noise (100 Hz)

Spectral noise (I kHz)

Spectral noise (10 kHz)
Physical

Sensing element

Sensing geometry

Housing material

Sealing

Size - Height

Size - length

Size - width

Weight

Electrical connector

Electrical connection position

Mounting thread

Mounting torque

10.2 mV/(m/s?)
+490 m/s® pk
0.5-5000 Hz
0.5-4500 Hz
0.3-6000 Hz
225 kHz

0.001 m/s* rms
1.0-5000 Hz
<1%

<5%

+68600 m/s? pk
—54 to +80°C
See graph %/°F
0.01 (m/s%)/ue

20 to 30 VDC
2-20 mA

<200 O

8 to 12 VDC
1.0-3.0 sec

<10 sec

392 (um/sec?)Hz
98 (um/sec?)/\Hz
29.4 (um/sec?)/\Hz
9.8 (um/sec?)/yHz
4.9 (um/sec?)/\Hz

Ceramic

Shear

Anodized aluminum
Epoxy

14.0 mm

20.3 mm

14.0 mm

7.4 gm

1/4-28 4-pin

Side

10-32 female

113 to 225 N-cm

As shown in Table 8, the BK 4515 seat accelerometer is suitable for the evaluation of comfort in all three linear axes in
the frequency range under study (1-10 Hz) with a sensitivity of 10 mV/ms® The sampling frequency used in these

measurements is f,, = 4.960 Hz.

In Figure 4, the location of the seat accelerometer referenced to the steering wheel is shown. These measurements have
been considered for both, seat positioning referenced to the Toyota Prius steering wheel and seat positioning referenced to

the simulator steering wheel.

Table 9 shows the distances from the seat sensor to the steering wheel according to the SAE reference system.

Notice that the reference system of the sensors is x+ backward; y+ right; z+ up. Then, the measured accelerations must
be converted to the SAE reference system of the Prius and the Stewart Platform. In consequence, accelerations in the
longitudinal and vertical axis must be considered in the opposite direction than the row measurement. Moreover, the Toyota

Prius seat has an inclination angle 6,  of 12.5°.
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Figure 3. Sensors layout in the Toyota Prius.

Since the measurements in the Prius and in the simulator have been obtained considering the same driver and seat
structure, discrepancies in the VDVs potentially influenced by different transmissibilities have been avoided.

Sprung mass vibration signals

In order to obtain the vibration of the sprung mass for each test, the bump roll right test at 5 km/h will be explained as an
example in this section (consider that this methodology is applicable to the other experiments and velocities).

First, the 12 measured acceleration from Table 6 are filtered between 1 and 10 Hz as it is the studied frequency range.
Then, the contributions in the three linear axis are obtained for each sensor according to the linear algebra theory using the
rotation matrices in order to perform rotations in the Euclidean space.

Considering that the accelerometers from Figure 3, have an inclination angle around the x- and y-axis (see Table 5), the
vector of linear accelerations of the SX sensor can be obtained as

Xsy Xsx
Ysx = Ry (eysx) Rx (exsx) Ysx > (4)
ZSX | suk Zsx 14

being R, (0., ) the rotation matrix in the x-axis considering the inclination angle 6., , and R,(6,, ) the rotation matrix in
the y-axis considering the inclination angle 0,,. Notice that SX shall be replaced in equation (4) by FL, FR, RL, or RR
depending on the considered accelerometer.

The 12 linear acceleration outputs can be computed at the four corners. These accelerations are gathered in Table 10.

Figure 5 shows the linear accelerations gathered in Table 10 filtered from 1 to 10 Hz obtained from the row data from the
four sensors located on the upper base of the suspension of the Toyota Prius (see Figure 3) for the bump roll right test at
5 km/h. These are the linear accelerations (¥, y and z) measured in the front left (FL), front right (FR), rear left (RL), and rear
right (RR) corners.

Now, accelerations from Figure 5 are used to calculate the 6 DOF accelerations in the MPC of the Toyota Prius. On the
one hand, taking into account the kinematic model of an non-deformable rigid solid body, it follows that the total translation
speed and acceleration are the same for all the points of the chassis.” Thus, the linear contribution derived from the
translational accelerations in the MPC are the same for the three sensors.

{"f'}ﬂ: {a }f {4}, (5)
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Table 4. PCB sensors layout distances in the Toyota Prius.

Dimension Reference Value (mm)
Distance in x-axis of the front left sensor XFL 901.3
Distance in x-axis of the front right sensor XFR 901.3
Distance in x-axis of the rear left sensor XRL —1.848.7
Distance in x-axis of the rear right sensor XRR —1.848.7
Distance in y-axis of the front left sensor YrL —209
Distance in y-axis of the front right sensor YR 961
Distance in y-axis of the rear left sensor YRL —174
Distance in y-axis of the rear right sensor YRR 926
Distance in z-axis of the front left sensor Zr —237.5
Distance in z-axis of the front right sensor ZRR —237.5
Distance in z-axis of the rear left sensor ZRt —137.5
Distance in z-axis of the rear right sensor ZRR —137.5

Table 5. Inclination angles of the Toyota Prius suspension.

Dimension Reference Value (deg)
Inclination angle in x-axis of the front left sensor Oxe, -2.23
Inclination angle in y-axis of the front left sensor Oy, 6.67
Inclination angle in x-axis of the front right sensor Oxen 223
Inclination angle in y-axis of the front right sensor Oex 6.67
Inclination angle in x-axis of the rear left sensor Ot 2.10
Inclination angle in y-axis of the rear left sensor Oye, 5.76
Inclination angle in x-axis of the rear right sensor Oxan -2.10
Inclination angle in y-axis of the rear right sensor Oyen 5.76

Table 6. Measured acceleration with the PCB sensors in the SAE reference system.

Output Reference
Acceleration in x-axis of the front left sensor XL
Acceleration in y-axis of the front left sensor Vi
Acceleration in z-axis of the front left sensor Zp
Acceleration in x-axis of the front right sensor XFR
Acceleration in y-axis of the front right sensor Yer
Acceleration in z-axis of the front right sensor ZRR
Acceleration in x-axis of the rear left sensor XRL
Acceleration in y-axis of the rear left sensor Yrt
Acceleration in z-axis of the rear left sensor ZrL
Acceleration in x-axis of the rear right sensor XRR
Acceleration in y-axis of the rear right sensor YRR
Acceleration in z-axis of the rear right sensor ZRR

Table 7. Position of the MPC of the Toyota Prius and the Stewart Platform.

Dimension Reference Value (mm)
Distance in x-axis of the MPC XMPC —136.3
Distance in y-axis of the MPC YMPC 0

Distance in z-axis of the MPC ZMPC 324.7
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Table 8. Technical specifications of Briiel and Kjaer 4515 seat accelerometer-.

Performance
Voltage sensitivity (@ 160 Hz) 10 £ 5% (100 + 3/-7 %) mV/ms -2 (mV/g)
Measuring range +500 (£50) ms -2 (g)
Mounted resonance frequency >2700 Hz
Amplitude response £10% 0.25-900 Hz
Residual noise <0.4 mg
Transverse sensitivity <5%
Environmental
Temperature range —10 to +70°C
—60 to +100°C for short periods
Humidity Hermetic
Max. Operational sinusoidal vibration (peak) 5000 (500) ms -2 (g)
Max. Operational shock (peak) 50000 (5000) ms -2 (g)
Thermal transient sensitivity 0.1 (0.005) Equiv.ms —2/°C (g/°F)
Magnetic sensitivity (50 Hz—0.03 tesla) 20 (2) ms =2 T (g/T)
Electrical
DC Output bias voltage 13+l VDC
Output impedance <30 Q
Grounding V - case insulated
Physical
Weight 345 (14.1) gr (oz)
Base disc Nickle-plated brass
Seat pad material Oil-resistant nitrile rubber. Hardness: ~80 RHD
Cable Integral cable, 3 m
Connector 4515-B: 3 x 10-32 UNF
4515-B-002: 4-pin LEMO
Mounting Strapped, adhesive, or pressed
Power requirements
Constant current supply 2-10 mA
Supply voltage (unloaded) 24-30 VDC
Warm-up time (90% of stabilized bias) 10s

Figure 4. Sensors layout in the Toyota Prius.
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Table 9. Seat sensor position.

Dimension Reference Value (mm)
Distance in x-axis of the seat sensor Xes —215
Distance in y-axis of the seat sensor Vss 0
Distance in z-axis of the seat sensor Zss 350.6

Table 10. Computed linear accelerations in the suspension corners.

Output Reference
Acceleration in x-axis of the front left sensor XFL
Acceleration in y-axis of the front left sensor Vi
Acceleration in z-axis of the front left sensor Zp
Acceleration in x-axis of the front right sensor XFR
Acceleration in y-axis of the front right sensor YR
Acceleration in z-axis of the front right sensor ZrR
Acceleration in x-axis of the rear left sensor XRL
Acceleration in y-axis of the rear left sensor Yrt
Acceleration in z-axis of the rear left sensor ZrL
Acceleration in x-axis of the rear right sensor XRR
Acceleration in y-axis of the rear right sensor YRR
Acceleration in z-axis of the rear right sensor ZRR
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Figure 5. Filtered linear acceleration outputs measured computed in the front left (FL), front right (FR), rear left (RL), and rear right
(RR) suspension corners.

On the other hand, the linear contribution derived from the rotational accelerations in the MPC have been obtained from
the analysis carried out by Santos and Garcia-Barruetabefia, 2021.

Following this analysis for the four sensors located on the upper base of the suspension corners and considering positive
inputs in the three rotational DoF, the 12 linear acceleration outputs (see Table 10) can be defined as
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[1 0 0 0 Rpw, sin(B,,)  Rer, cos(B.,,) T
o 0 1 0 —Rp,sin(B,,) 0 Ry, sin(B.,,)
B 0 0 1 —Rpg, cos(B,,) ~Rp, cos(B,,,) 0
Z.:FL 100 0 RFR;;y sin(ﬁym) _RFR@, COS(IBZFR) .
iﬁi 0 1 0 —Rp sin(A,,) 0 Rew, sin(8.,,) ;ﬁz
Zrr _ |00 1 Re cos(B)  —Rew,, cosy (B,,) 0 Zupc )
iy 100 0 Ry sin(B,)  Ru,eos(B,) | |5
S 0 1 0 —Rpy,sin(B,) 0 —Rer, sin(B.,) | | Gzypc e
J:C:RR 0 0 1 —Rg, cos(B,,,) Rpr,, cos(B,,) 0
oo o Ras, 5in(8,)  —Rug, cos(5.,)

0 1 0 —Rg, sin(ﬂxRR) 0 — Rge,, sin(ﬁZRR)

LO 0 1 Rgg, cos(By,,) Rew,, cos(Byy,) 0 i

where Rgy; is the distance of the circumference between the position of sensor SX and the MPC with a positive input in 0,
and 3, is the turn angle of the vehicle in each axis a for each sensor SX. From equation (6), the six accelerations referenced
to the MPC (Xypc, Vipes Zurc, OxXmpc, Ovmpc, and Ozypc) can be calculated by linear solving. Figure 6 shows the ac-
celerations of the sprung mass obtained in the MPC for the bump roll right experiment at 5 km/h.

Then, accelerations from Figure 6 have been controlled according to the experimental control strategy proposed by
Santos and Garcia-Barruetabefia, 2021 in order to used them as the reference inputs to replicate the experimental campaign
on the Stewart Platform for each evaluated test (see section Comfort tests). With this control, Figure 7 shows the temporal
analysis and Figure 8 shows the frequency analysis of the inputs and outputs referenced to the MPC of the driving simulator.

From Figures 7 and 8, it can be seen that the applied control strategy allows to obtain deviations of lower than 10% in any
of'the 6 DOF, having these maximum deviations in high frequency and low acceleration ranges. This behavior also occurs in
the other testing scenarios (all maneuvers and all velocities).

Then, it can be concluded that, using the controlled accelerations of the Toyota Prius sprung mass derived from each
maneuver, the Stewart Platform from Figure 1 can recreate the dynamics of a real passenger car with an accuracy greater
than 90%.
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Figure 6. Accelerations of the sprung mass of the Toyota Prius computed at the MPC for the bump roll right at 5 km/h. (a) x-axis. (b)
y-axis. (c) z-axis. (d) 6y-axis. (e) Oy-axis. (f) Oy axis.
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Results and discussion

For the validation of the comfort simulation strategy on an electric Stewart Platform from Figure 1 under road driving
scenarios, the experimental campaign carried out in the Toyota Prius has been replicated in the simulator in order to compare
the VDV in the seat obtained in both platforms for each of the tests. To compute the VDV in the hexapod, the controlled
sprung mass vibration signals obtained in section Sprung mass vibration signals have been used as reference inputs in the

hexapod MPC.
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Figure 9 shows, as an example, a time and frequency analysis of the accelerations measured at the seat for each of the
tests of the experimental campaign described in section Comfort tests for the first testing velocity. This is, X7p = 10 km/h for
the tests where the excitations come from the steering wheel and x7» = 5 km/h for the tests where the excitations come
Figure 9 are the accelerations in the SAE reference system. This has been obtained by trigonometry, taking into account the
seat 0, inclination angle (see section Seat sensor).

As can be seen in Figure 9, there is a good match between the signals measured in the Prius seat (blue lines) and the
signals measured in the platform seat (orange lines) under the same driving maneuvers. From here, it can be deduced that the
accelerations in the z-axis show the smallest deviations, which benefits the study since this axis is the one that has the
greatest influence on comfort in passenger cars.’ The x-axis (the second axis with the greatest influence on comfort) shows
larger deviations, but with maximum errors at low speeds. Finally, the y-axis has maximum deviations in the high frequency
range (appreciated in the bump roll left test), which may be due to the influence of the stiffness of the simulator screens on
the dynamic behavior of the platform even after having applied the control strategy. Finally, it is seen that the main
maneuver of the lane change tests occurs at a frequency lower than 1 Hz (this happens for all test speeds). Therefore, it is
filtered out and the simulator does not realistically reproduce the dynamics of the experimental test. However, it can
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Figure 9. Time and frequency domain analysis of the seat accelerations. (a) Acceleration. (b) Bump pitch. (c) Lane change (from right to
left). (d) Lane change (from left to right). (€) Bump roll right (only right wheels). (f) Bump roll left (only left wheels).
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Figure 9. Continued.

reproduce the vibroacoustic behavior of the car in 1-10 Hz frequency range for this maneuver, which is the frequency range
under analysis in this thesis.

Furthermore, Tables 11 and 12 presents the VDV for the experimental campaign carried out in the Prius and the
experimental campaign carried out in the Stewart Platform, according to equation (3) for each testing scenario described in
section Comfort tests. Table 11 refers to the experiments where the excitation comes from the steering wheel and Table 12
refers to the experiments where the excitation comes from bumps. These tables show the VDV for each linear axis and the
total VDV of each experiment.

Based on the results shown in Tables 11 and 12, Figures 10 and 11 show a graphic analysis of the VDV for each axis and
the total VDV for each maneuver as a function of velocity. Figure 10 refers to the experiments where the excitation comes
from the steering wheel and Figure 11 refers to the experiments where the excitation comes from bumps.
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Figure 9. Continued.

Also, an analysis can be made about the accuracy achieved in terms of VDV for each axis and for the total VDV in each
maneuver, as shown in Figures 12 and 13.

Regarding the first set of tests, from Table 11, Figures 10 and 12, some conclusions can be drawn. First, the VDV
increases with the testing velocity of the car since the higher the speed, the higher the accelerations of the sprung mass.
Second, it is confirmed that the z-axis has a remarkable influence on the ride comfort, even not being the main excitation
axis. Consequently, it can be seen that its influence on the VDV is similar for the three groups of experiments where the
excitations only come from the steering wheel.

There is also a notable influence of the y-axis on the VDV in the lane change experiments, given the lateral accelerations
produced in these scenarios and then induced to the driver. Although the main acceleration components have been filtered
out because they are outside the 1-10 Hz range, it is seen that the remaining acceleration are also relevant. Moreover, a
symmetric behavior of the car in the x-axis is appreciated, given the similarity of results between the right-to-left lane
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Table 1. Total VDV and VDV per linear axis for the tests where the excitations come from the steering wheel.
xtp, (km/h) VDV (ms-1.75) Platform X y y4 Total VDV
10 Acceleration Toyota Prius 0.223 0.360 0.477 1.059
Stewart Platform 0.256 0.410 0.488 1.154
Accuracy (%) 85.16 85.92 97.70 91.06
Lane change (right to left) Toyota Prius 0.154 0.381 0.486 1.021
Stewart Platform 0.168 0.447 0.571 1.186
Accuracy (%) 90.62 82.68 82.48 83.78
Lane change (left to right) Toyota Prius 0.149 0.247 0.458 0.853
Stewart Platform 0.156 0.286 0.445 0.886
Accuracy (%) 95.27 84.03 97.14 96.09
20 Acceleration Toyota Prius 0.201 0.383 0.629 1.213
Stewart Platform 0.239 0.438 0.593 1.270
Accuracy (%) 81.53 85.45 94.33 95.28
Lane change (right to left) Toyota Prius 0.212 0.384 0.615 1.211
Stewart Platform 0.249 0.446 0.656 1.352
Accuracy (%) 82.14 83.79 93.25 88.31
Lane change (left to right) Toyota Prius 0.235 0.366 0.720 1.321
Stewart Platform 0.267 0.430 0.667 1.365
Accuracy (%) 86.25 82.45 92.66 96.69
30 Acceleration Toyota Prius 0.194 0417 0.868 1.479
Stewart Platform 0.229 0.498 0.885 1.612
Accuracy (%) 81.84 80.75 98.01 91.02
Lane change (right to left) Toyota Prius 0.327 0.511 0.854 1.691
Stewart Platform 0.357 0.633 0.816 1.806
Accuracy (%) 90.78 75.92 95.53 93.20
Lane change (left to right) Toyota Prius 0.341 0416 1.030 1.787
Stewart Platform 0.375 0.446 0.934 1.755
Accuracy (%) 90.18 92.68 90.68 98.20
40 Acceleration Toyota Prius 0.222 0.434 1.127 1.783
Stewart Platform 0.264 0.518 1.077 1.859
Accuracy (%) 80.87 80.81 95.55 95.76
Lane change (right to left) Toyota Prius 0.376 1.042 1.080 2.499
Stewart Platform 0.394 1.270 1.034 2.698
Accuracy (%) 95.31 78.11 95.69 92.03
Lane change (left to right) Toyota Prius 0.393 0.929 1.143 2.465
Stewart Platform 0413 1.008 1.150 2.571
Accuracy (%) 94.98 91.50 99.33 95.69
50 Acceleration Toyota Prius 0.247 0.422 1.304 1.972
Stewart Platform 0.280 0.504 1.243 2.027
Accuracy (%) 86.39 80.57 95.34 97.22
Lane change (right to left) Toyota Prius 0.367 1.373 1.322 3.062
Stewart Platform 0.407 1.402 1.266 3.075
Accuracy (%) 89.16 97.90 95.73 99.60
Lane change (left to right) Toyota Prius 0413 1.346 1.250 3.009
Stewart Platform 0.433 1.403 1.260 3.096
Accuracy (%) 95.10 95.78 99.23 97.12

change test and the left-to-right lane change test. In any case, the deviations found may be mainly due to the experimentation
and the deviations induced by the driver in the maneuver. In terms of longitudinal accelerations, x-axis does not have a great
influence on comfort at this level of driving speeds.

Finally, concerning the simulator’s ability to recreate the vibroacoustic behavior of a road vehicle for these tests,
Figure 12 reports an accuracy higher than 80% for all axes, while the total VDV accuracy is higher than 90% in most cases,
being y the axis with more deviations. This can be strongly related to the higher inaccuracies of the simulator for this axis

even considering the control strategy explained in Santos and Garcia-Barruetabefia, 2021.

Regarding the second set of tests, from Table 12, Figures 11 and 13, other conclusions are drawn. First, the linear
relationship between speed and VDV is no longer as evident as in the previous cases. It is true that the VDV increases with
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Table 12. Total VDV and VDV per linear axis for the tests where the excitations come from bumps.

xrp, (km/h) VDV (ms-1.75) Platform X y z Total VDV
5 Bump pitch Toyota Prius 1.029 0.619 2.679 4.327
Stewart Platform 1.235 0.534 2.647 4415
Accuracy (%) 80.00 86.15 98.80 97.97
Bump roll (only right wheels) Toyota Prius 1.106 2.089 0914 4.109
Stewart Platform I.115 2431 1.064 4610
Accuracy (%) 99.24 83.61 83.59 87.81
Bump roll (only left wheels) Toyota Prius 1.290 2.696 3.097 7.084
Stewart Platform 1.029 3.062 3.103 7.194
Accuracy (%) 79.76 86.44 99.80 98.44
10 Bump pitch Toyota Prius 1.146 0.601 3.576 5.322
Stewart Platform 1.495 0.520 3.696 5712
Accuracy (%) 69.53 86.65 96.63 92.68
Bump roll (only right wheels) Toyota Prius 1.276 3.317 2.253 6.845
Stewart Platform 1.552 3.752 2.530 7.834
Accuracy (%) 7833 86.87 87.69 85.55
Bump roll (only left wheels) Toyota Prius 1.293 4271 5.520 11.084
Stewart Platform 1.379 4.963 5.404 11.746
Accuracy (%) 93.32 83.79 97.90 94.02
15 Bump pitch Toyota Prius 1.275 0.448 3.433 5.155
Stewart Platform 1.530 0.373 3.676 5.579
Accuracy (%) 80.00 83.40 9291 91.78
Bump roll (only right wheels) Toyota Prius 1.183 3.280 2.338 6.801
Stewart Platform 1.083 3.932 2.399 7414
Accuracy (%) 91.55 80.12 97.42 91.00
Bump roll (only left wheels) Toyota Prius 1.467 4.561 6.021 12.049
Stewart Platform 1.317 5.174 5.571 12.062
Accuracy (%) 89.77 86.56 92.53 99.89
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speed, but there is a higher increase in discomfort (and a consequent higher increase in the VDV) from 5 and 10 km/h than
from 10 and 15 km/h (see y-VDV, z-VDV, and total VDV from Figure 11). This is because the bumping profile is close to
excite the natural frequency of the car (around 1.2 Hz) in the z-axis at this velocity.

This fact has been experimentally noticed in the conducted comfort tests. Second, it is again confirmed that the axis with
the greatest influence on the VDV, and therefore on comfort, is the z-axis. This especially occurs in pitch tests where this
axis is significantly excited. Finally, in the bump roll scenarios, there is no symmetry in the behavior of the car, being the
tests on the left wheels more uncomfortable. This is mainly due to a higher weight ratio on the left axle (around 4.3%
higher), which generates higher forces on this axle when going over bumps and consequently higher accelerations.

Finally, concerning the simulator’s ability to recreate the vibroacoustic behavior of a road vehicle for these tests,
Figure 13 reports an accuracy higher than 80% on all axes (except in the x-axis and y-axis at 10 km/h for the bump pitch
test), while the total VDV accuracy is higher than 85% in most cases. Again, y and x are the axes with more deviations. In
addition, the VDV obtained in the simulator is higher than the VDV obtained in the Toyota Prius for most cases. This may be
due to the fact that the accelerations at the MPC under test are the highest of the entire campaign, which may influence the
final deviations in terms of the platform performance.

In short, the accuracy of the platform when it tries to recreate the same vibroacoustic behavior in the seat with respect to a
passenger vehicle is greater than 85% in the worst case. Thus, the comfort simulation strategy on an electric Stewart
Platform under road driving scenarios is validated.

Conclusions

In this work, the validation of the comfort simulation strategy on an electric Stewart Platform for ride and comfort
applications has been presented.

1. According to the validation strategy followed in this study, it has been demonstrated that an electric Stewart Platform
is able to replicate the dynamic behavior of a road vehicle signals, and therefore, it can be used as a tool for comfort
evaluation at the contact point of the seat and the driver.

2. The comfort tests selected for the experimental campaign demonstrate that comfort can be evaluated on a Stewart
Platform in the 6 degrees-of-freedom in the low frequency range (1-10 Hz).

3. According to the validation methodology presented in this study, it can be stated that with an electric Stewart
Platform it would be possible to evaluate comfort in real time by considering high-level vehicle models and
advanced suspension dynamic model.
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As a result, it is demonstrated that strategy performed over a Stewart Platform is a valid procedure for whole-body
vibration comfort assessments in the low frequency range (1-10 Hz).
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