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Abstract: Dynamical vehicle performances depend on its center of gravity’s position. It is necessary
to determine this position as closely as possible. The current methods of determining the center of
gravity’s position are either not sufficiently accurate or are very demanding in relation to finances,
time and special equipment. At the same time, there is a lack of accurate data on the center of grav-
ity’s position of current vehicles for further research. Therefore, the purpose of this study is to pro-
pose such a methodology of measuring the center of gravity’s position, including its height, which
is accurate enough and has as low-demand measuring equipment as possible. Another purpose of
this study is to obtain data on the change in the centers of gravity’s positions in different vehicles
due to various load distributions. Extensive experimental measurements, according to the innova-
tive methodology, were performed with five vehicles. The positions of the center of gravity were
determined for various load distributions, and the results were analyzed in detail.

Keywords: center of gravity; braking; vehicle dynamic; axle load; road safety

1. Introduction

The position of the center of gravity of a vehicle has a significant impact on its dy-
namics. Knowing its exact position is essential for various calculations and simulations
regarding vehicle dynamics and sizing of individual vehicle parts.

The center of gravity has a direct impact on road safety, vehicle driving perfor-
mances, stability of the vehicle, its parts wear, emission production, road destruction,
driving comfort, dynamics of driving and many other aspects [1-3]. When the center of
gravity is too close to the front axle, it may lead to its overloading, and the vehicle inclines
to oversteer. When the center of gravity is too close to the rear axle, it may result in its
overloading and cause the vehicle’s understeering [4,5]. Any axle’s overloading can cause
excessive wear on its components or a sudden tire blowout, posing a risk of losing control
to drive in a certain direction [6,7]. It can also lead to enormous tire wear, which is con-
nected to increased production of particulate matter from tires while several policies en-
deavor to reduce such emissions from road transport [8,9]. The axle can be overloaded
even without exceeding the vehicle’s load capacity as a result of wrong positioning of the
center of gravity [10]. If a vehicle with front-wheel drive has its center of gravity too close
to the rear axle, it means that the front, driving axle may have a highly reduced load. The
reduction of load on the driving axle can decrease the vehicle’s ability to accelerate, which
may lead to car accidents, for example when driving from a side road to a main road [11].
The position of the center of gravity also affects the vehicle’s driving performance when
driving off-road and on surfaces with a lower friction coefficient [12]. In addition to the
horizontal position of the center of gravity, it is necessary to know its height as well. When
the center of gravity is too high, the vehicle tends to lean in the bends, which has an impact
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on driving comfort and safety as well, as it increases the risk of unwanted cargo movement
across the loading area [13]. During deceleration and acceleration, the difference in dy-
namic weight of particular axle increases with a higher position of the center of gravity
[14].

The center of gravity’s position is affected by both the vehicle’s design and the posi-
tion of the engine or battery as well as the distribution of load and passengers [15]. Given
that the position of the center of gravity is one of the fundamental parameters of any ve-
hicle and has a direct impact on many of its characteristics, it is essential to know the
center of gravity’s position and to have tools to achieve the easiest determination possible.

One of the goals of this study is to design and verify the improvement of measure-
ment methodology for the center of gravity’s position, which can significantly reduce the
requirements for equipment needed for using the method with a lifted axle while having
sufficient measurement accuracy. To ensure that the method was substantially modified
and the measuring tools and scales that had not been used yet were applied. To determine
the weight of each axle, common available devices such as a weight scale pallet truck, or
pallet scales with deviation of 0.5 kg, were proposed. The weight scale pallet truck or the
pallet scales are commonly used for weighing goods. Thus, the scale of the pallet truck is
calibrated and certified for measurement accuracy together with its verification protocol.
Common axle scales which are used for this method have a measurement deviation of 5
kg, very occasionally 2 kg, and thus, the deviation of calculation of the center of gravity’s
height is substantially higher. Apart from them, special laboratory scales are used, which
have higher accuracy but are also of higher price and have substantially lower availability.
For axle lifting, it is necessary to use expensive special laboratory devices. One of the con-
tributions of this study is therefore the innovation of measurement methodology, which
is simplified, less money-consuming, and more available. It also uses tools that have not
been utilized until now. What is more, a significant benefit of this method is the determi-
nation of the center of gravity’s position in vehicles with an electric motor, plug-in hybrids
specifically, since these vehicles have a completely different position of the center of grav-
ity due to their construction compared to the currently most common types of vehicles
with an internal combustion engine. After determining the spring characteristics and tire
deformation, which can be determined by measuring the body drop depending on the
weight added, it is possible to calculate the change in the center of gravity even without
further experimental research. However, it is necessary to know the center of gravity’s
position of the empty vehicle. Without experimental measurements, the position of the
center of gravity after additional load added can be determined by the calculations or
various software and online calculators designed to assess the change in the center of
gravity’s position due to different load distributions. Thus, the data may be used as input
values for software in this field.

The second goal of the article is to verify the proposed methodology and obtain data
on the position of the centers of gravity of several vehicles. There were five vehicles chosen
for the experimental measurements. The first one was a hatchback, a main representative
of frequently occurring vehicles in road transport. The second was a sport utility vehicle
(SUV). Their centers of gravity’s positions were determined without a load, with a load
placed in the vehicles, and with a load placed in the roof box. A significant contribution
of this study is to determine the impact of cargo distribution in the vehicles on their center
of gravity’s position based on experimental measurements. The third vehicle was with an
electric motor, and the fourth one was a plug-in hybrid. The fifth vehicle was a light com-
mercial vehicle. Vehicles 1, 2, and 5 were selected to match the most common parameters,
such as dimensions and weights, of vehicles in road traffic, ensuring that the results are
applicable in the broadest context [16]. Vehicles 3 and 4 (electric vehicle and plug-in hy-
brid) represent the emerging trend in the composition of the vehicle fleet since the alter-
native vehicles are becoming more frequent [17]. At the same time, it will be possible to
compare Vehicles 2 and 4, as they are very similar, both are Kia Sportage but with different
drives (Vehicle 2 has an internal combustion engine and Vehicle 4 is a plug-in hybrid). The
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data are then analyzed in detail. The data gained by experimental measurements will be
able to be used as input data for modeling in the area of vehicle dynamics. Furthermore,
the data can be used for comparison of the results from modeling. Currently, data ob-
tained only by estimation are mainly used. The article fills a gap in the field of more ac-
cessible and accurate measurement methodology and at the same time provides data ob-
tained by experimental measurements.

The article is divided into five parts. The introduction is followed by a literature re-
view. The literature search shows the need to innovate the measurement methodology as
well as the need to add the missing data on the position of the center of gravity obtained
based on experimental measurements. The third part of the article is concerned with the
methodology. The general methodology is presented first, and then the applied method-
ology for specific experimental measurements is presented. The results of the measure-
ments, discussed with the results of other authors, are presented in the previous section.
The last part of the article is the conclusion.

2. Literature Review

Publication [18] observed the impact of the center of gravity’s position on braking
performances. The authors informed that when increasing the inequality of the axle load
and the center of gravity’s position with the same vehicle mass, braking deceleration de-
creases and braking distance lengthens. Such similar results are also shown in Ref. [19].
Assessing the impact of the center of gravity’s position of a semi-trailer truck set on the
braking safety indicators is given in the publication [20], and the authors observed a large
impact of the center of gravity’s position on braking performances as well. Increasing the
center of gravity’s position and the inequality in load distribution on the axles led to an
excessive reduction in the load of the semi-trailer while braking, to its wheel blocking, to
a lengthening of braking distance, and to a significant decrease in braking deceleration.
The authors of publication [20] concluded that the ABS system mitigated this negative
phenomenon, but still not removed it. Thus, the center of gravity’s position has a direct
impact on the vehicle’s ability to decelerate. Therefore, when reconstructing a car accident
or simulating, it is necessary to take into consideration the center of gravity’s position, so
it must be determined properly.

If the position of the center of gravity is too high, it may cause the vehicle to overturn
while bending or driving on the inclined road [21-23]. According to the National Highway
Traffic Safety Administration [24], rollover accidents account for approximately 91.4% of
class in on-crash fatal and harmful traffic accidents. As follows from the mentioned pub-
lication as well as from other literature [25-27], vehicle dynamics are affected mostly by
the position of the vehicle’s center of gravity. Thus, determining and knowing the center
of gravity’s height as precisely as possible is an important tool for understanding the ve-
hicle dynamics.

To determine the height of a center of gravity, either estimation based on modeling
or experimental measurements can be used. Based on the literature [28-31], it may be con-
cluded that research of vehicle dynamics is performed predominantly by modeling, and
this leads to several simplifications [32]. However, quality and accuracy of modeling de-
pend directly on the accurately determined position of the center of gravity [33]. In Ref.
[34], the center of gravity’s height is estimated via the improved You Only Look Once
algorithm and AdaBoost regression is proposed by relying on roadside sensors. In this
case, firstly, a vehicle is identified by sensors and machine learning with 97.59% accuracy,
and then the center of gravity’s height is estimated after being compared to the database
of vehicles and their center of gravity’s heights, with 94.64% accuracy according to the
authors. However, this publication only operates with the vehicles alone, and it does not
take into consideration the actual vehicle load, presence of passengers, or cargo distribu-
tion, which are significant factors that affect the height of a center of gravity. Publication
[35] describes a simplified dynamic model of a vehicle used for estimating the center of
gravity’s height that considers the revolutions of both front and rear wheel as well as the
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speed of the vehicle itself, and the suspension and tire parameters were considered insig-
nificant. The suspension and tire parameters are not considered when estimating the cen-
ter of gravity’s position also in publication [36], and the authors to estimate the center of
gravity’s height only require that the vehicle be longitudinally and/or vertically excited.
Like in the method described in publication [35], the calculations required the revolution
of both front and rear wheel as well as the speed of the vehicle itself. The method for
estimating the center of gravity’s position, which also takes into consideration the tire pa-
rameters, is described in Ref. [37], in which the authors assess the relation between the tire
vertical load transfer and the center of gravity’s height and immediate radius of the tire.
Moreover, a Kalman-filter-based estimator was designed to simultaneously identify the
center of gravity’s height of a vehicle and the unknown nominal tire effective radius. Pa-
rameters and tire load are used for estimating the center of gravity’s position also in pub-
lication [38], and it is necessary to have intelligent tires with a load sensor implemented
in to calculate the position of the center of gravity [39-41]. Ref. [42] focuses on the issue of
estimating the center of gravity’s position while using the data from the tires as well. Such
estimation is, however, related to several limitations, and the misestimation of the center
of gravity’s position using the above-mentioned method can reach up to 30% [43]. To es-
timate the position of the center of gravity, the method of total least squares is used [44].
The authors of Ref. [45] first estimated the weight of a vehicle based on the dynamic model
of driving, and then, after estimating the weight and dynamic rolling model, they esti-
mated the height of the center of gravity. As also mentioned in Ref. [46], estimating the
position of the center of gravity by using this method is only possible in a certain range of
accuracy, depending on many factors and the accuracy of other estimations. The authors
of publication [47] focused on determining the center of gravity’s height via experimental
measurements, and they designed and used a device for measuring the moments of inertia
of a vehicle. They were inspired by similar devices, such as “VIMM” [48], which can rec-
ord, besides the moments of inertia, the center of gravity’s position of vehicles in all axes,
the vehicle mass, the moments of inertia towards the center of gravity as well as products
of inertia, and “VIMEF” [49]. “VIMF” can determine the same values as “VIMM” by using
a principle of physical pendulum, and this leads to a change in oscillation period during
the measurements. However, due to the motion of working fluids and vehicle suspension,
the differences in the center of gravity’s height reached more than 20% under the same
conditions in each measurement [47]. Another method of experimental measurements is
the measurements that consist of two steps. In the first step, the weight applied on the
axles in the horizontal position is determined. Then, the weight applied to one of the axles
when it is lifted is determined [50]. To ensure the highest accuracy possible, it is appro-
priate to use this method when the fuel, washer fluid, and other tanks are empty or full,
as also follows from Ref. [51]. On the other hand, the disadvantage of this method can be
high requirements for measuring devices, such as measuring stand and, predominantly,
the scales with sufficient load capacity that equals the minimum axle load of a vehicle—
at least 1500 kg—while at the same time having the highest accuracy possible, with a
measurement deviation of less than 1 kg, which all increase the costs for equipment as
well as the requirements for operation [52,53]. It is also necessary for this method to have
lifting equipment for the axle, for instance a pillar jack since, as mentioned in publication
[54], the angle between the axles should be at least 15°, which also increases the require-
ments for the equipment.

Many publications [55-59] consider only an empty vehicle. Publications in which the
load in the vehicles is also considered are almost non-existent.

Experimental measurements with a roof box, since as also mentioned in one of the
few publications in which the experimental measurements with the roof box were per-
formed [60], the method of least squares estimated the center of gravity’s height with a
deviation higher than 10%, which is insufficient accuracy. As identified in the text above,
a measurement methodology which is sufficiently accurate and relatively less demanding
in time, material, and expenses is highly needed. At the same time, the highest possible
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accuracy of data on the center of gravity’s position at various load distributions is very
much required for its further use.

For better display, the most significant publications in the field of measuring and as-
sessing the center of gravity of vehicles are summarized in Table 1.

Table 1. Literature review.

Author and Year Research Focus

Sar, H., Fundowics, P,  Use of the Monte Carlo method and using known vehicle pa-
2018 [32], rameters. Neglecting the impact of suspension, damping, and

Red], J., Boyko, G., tire characteristics on the change in the center of gravity’s

Kalantari, D, 2024 [61] height.

Yue, H, ohang, L., Shan, Estimation of the center of gravity’s height based on data ob-
S., etal., 2015 [31] tained from displacement and velocity sensors. Such estima-

Li, X, ehang, M., Yan, X.,,  tions have mean absolute errors of 14.2% and 5.0% of the

et al., 2024 [62] state amplitude, respectively.

Xu, Q. Fu, R, Wu, F., et Identification of a specific vehicle model by sensors and sub-

al, 2021, [34] sequent assignment of the center of gravity’s position from a
v ’ database, regardless of the actual vehicle load.

Lee, H., Tahery, S. 2017,

[41] Estimation of the center of gravity’s position based on data
Doumiati, M., Victorino, obtained from specialized sensors in the tires, with errors ex-
A., Charara, A., et al,, ceeding 30%.
2009, [43]

Experimental measurements based on the vehicle’s moments
Kubica, P., 2023, [47]  of inertia. The equipment is very money-demanding with de-
viations exceeding 20%.
Schiller, 2023 [48]
Experimental measurements using readily available tools and

This publication aids.

3. Materials and Methods
3.1. Proposal of Measurement Methodology

As can be seen from the review of the literature, for many calculations in the field of
vehicle dynamics, as well as loads and other objects, it is necessary to know the exact po-
sition of their center of gravity. At the same time, currently, the position of the center of
gravity is either estimated with large deviations and simplifications or is determined ex-
perimentally with expensive devices and equipment. In the next part of this article, a sig-
nificantly innovative methodology for finding the center of gravity will therefore be pre-
sented.

To calculate the position of the center of gravity in the horizontal direction, it is nec-
essary to know as precisely as possible the wheelbase of the axles and the instantaneous
weights falling on the axles of the vehicle. The wheelbase, i.e., the distance between the
centers of the wheels of two adjacent axles, can be determined from the technical docu-
mentation of a specific vehicle or by measuring with ordinary length scales. The instanta-
neous weight falling on the individual axles of the vehicle—or in the case of the need to
calculate the position of the center of gravity in the horizontal transverse direction, the
instantaneous weight falling on the individual sides of the vehicle—is determined by
weighing. Common axle car weight scales have insufficient measurement accuracy —of
around 5 kg —and special laboratory scales with higher measurement accuracy are finan-
cially very demanding. For the methodology presented in this article, it is suggested to
use a pallet truck with a scale. The pallet truck with scale is a scale with a weighing divi-
sion of 0.5 kg. Pallet trucks with scales used in logistics and in stores are regularly
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calibrated and their measurement accuracy verified. The procedure for determining the
position of the vehicle’s center of gravity in the horizontal direction is as follows:

1. Ensuring that vehicle tanks—fuel tank, washer fluid tank, etc.—are either full or
empty. Ensuring that any cargo in the vehicle cannot move freely.

2. Ensuring correct tire pressure. The correct tire pressure is prescribed by the manu-
facturer.

3. Determination of the wheelbase value from the vehicle’s technical documentation or
by measuring the distance between the wheel centers of adjacent axles.

4.  Selection of suitable pallets, prisms, beams, grates, or thick boards strong enough to
support the weight of the vehicle.

5. Check the weighing accuracy of the pallet truck with a scale. Verification of the cali-
bration sheet of the pallet truck with a scale and other technical documentation.
Checking the accuracy of weighing using weights with a known weight. Instead of a
pallet truck with a scale, pallet scales can also be used if they have a weighing divi-
sion of 0.5 kg or less.

6. Determination of the weight of pallets, prisms, beams, grates, or thick boards to be
stored under individual vehicle axles.

7. Positioning the vehicle on pallets, prisms, grates, beams, or thick boards. Let there be
a pallet truck with a scale or pallet scales under one of the axles. In that case, there
are pallets, prisms, grates, beams, or thick boards between the pallet truck or pallet
scale and the wheels of the vehicle. If there are two pallet trucks with scales or pallet
scales available, let them be stored under both axles.

8.  For the most accurate measurement, it is necessary that the wheels of the front and
rear axles are in a horizontal position. Horizontality is also required between the right
and left sides of the vehicle. It is advisable to check the horizontality only after the
vehicle has been positioned, as deformations of the base may occur. The level can be
checked using a spirit level. With a flat surface, horizontality can also be measured
as the distance between the lower part of the wheel and the surface, i.e., the floor.

9. Measurement of the weight falling on one of the axles and subsequently on the other
axle. If two pallet trucks are available, the weights are determined faster.

10. Measurements of axle weights must be repeated and deviations between individual
measurements must be evaluated. To determine the accuracy of the measurements,
it is necessary to use the available known statistical methods. Deviations between
measurements arise mainly due to failure to maintain the horizontality of the axles
during measurements. The levelness must be checked before each weight measure-
ment. If the weighing is carried out with a person or persons in the vehicle, it is nec-
essary that the persons are in the same position and body position every time. The
accuracy of the measurement can also be verified by adding a known weight to the
vehicle and assessing the difference in the weights of an empty vehicle and a vehicle
with a known weight.

11. After determining the weight falling on the axles and the axle wheelbase, the distance
of the center of gravity from the front axle is calculated:

m,.L

Ly = M
m

where:

L1 is the distance of the center of gravity from the front axle (m)

m: is the weight applied to the rear axle (kg)

L is the axle wheelbase (m)

m is the vehicle total mass (kg)

The total mass was calculated through addition of the weights applied to the front
and rear axle. Likewise, it is also possible to calculate the distance of the center of gravity
from the rear axle:
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)

where:

L is the distance of the center of gravity from the front axle (m)

mu is the mass applied to the front axle (kg)

L is the axle wheelbase (m)

m is the vehicle total mass (kg) [63]

Similarly, it is possible to calculate the position of the center of gravity in the hori-

zontal transverse direction.

12.

13.

14.

15.

16.

17.

18.

After determining the position of the center of gravity in the horizontal direction, it
is also possible to calculate the height of the center of gravity. To calculate the height
of the center of gravity, it is necessary to know the difference between the weight of
the axles in the plane and the weight of the axles when one of the axles is lifted.

The lifting of one of the axles can be ensured by gradually supporting it by other
pallets, prisms, grates or thick boards, according to availability. The weight of the
underlying material must be subtracted from the weight of the axle. The lifting angle
is as large as possible, but one that does not yet cause visible deformation of the sus-
pension, damping, and tires. After noticing the deformation of suspension, damping
or tires, it is necessary to slightly reduce the angle of lift of the axle. The second option
is to ensure suspension and damping with stops so that it does not deform. The third
option is to record the amount of suspension deformation and then take it into ac-
count when calculating the height of the center of gravity.

After lifting one of the axles, it is necessary to determine the weight of one of the
axles. Depending on the circumstances, the weight of the axle is determined for
which it is easier. If possible, it is advisable to find out the weight of both axles for
the sake of greater accuracy, but it is not necessary.

While determining the weight of an axle or both axles, the vehicle must not be braked.
There must be a plane under all wheels to prevent the vehicle from moving when the
vehicle brakes are released. Measurements cannot be performed on an inclined plane,
as it would be necessary to derive braking forces or the need to otherwise secure the
vehicle against movement—for example, with wedges.

Determination of the axle’s lift height. A length gauge is needed to determine the lift
height of one of the axles. The lifting height of one of the axles needs to be determined
as precisely as possible. It is recommended to take measurements on both sides of
the vehicle.

In the same way as during measurements in the plane, to verify the accuracy of the
measurement, it is necessary to repeat the measurements with the axle raised in order
to verify the measurement results. To determine the accuracy of the repeated meas-
urement, it is advisable to use known statistical methods.

After determining the angle of lift of the vehicle and differences in weight on any
axle, the height of the center of gravity is calculated as follows:

L.\/L% — hZ
44y ®)

he = (my = mi) =2

where:

h is the height of the center of gravity (m)

mu is the mass applied to the front axle in the plane (kg)

mi" is the mass applied to the lifted front axle (kg)

L is the axle wheelbase (m)

hc is the height of lifting of the front axle against the rear axle (m)
m is the vehicle’s total mass (kg)

r is the wheel radius (m)

hais the height of the lifted axle (m) [64]
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3.2. Practical Verification of Measurement Methodology

Due to the need to verify the proposed methodology of measurement and data
acquisition, extensive experimental measurements were also carried out according to the
proposed methodology.

The measurements’ objective is to determine the center of gravity’s position of two
different vehicles with a various load distribution. The vehicles” technical parameters are
given in Table 2.

Table 2. Technical parameters of vehicles [65,66].

. Kia Ceed, 1.6 Kia Sportage  BMW i3s Kia Sl?ortage Volkswagen
Vehicle CVVT (SUV) (Electric) Plug-in (Hy- Transporter
(Hatchback) brid) (VAN)
Engine 1.6 CVVT 1.7 CRDI, Electricmotor 1.6 GDi 1.9TDI
Engine power, 93 kW, spark- 8> kW' com- 75 kW 44 kW, igni- 62 kW' com-
. . pression igni- . . pression igni-
engine type ignition tion Synchronous tion + electric tion

Outside size,  r3c1700) 444071855/ 40111775/ 4515/1865/  4890/1904/

body size
1480 1635 1598 1650 1990
(I/w/h) (mm)

Wheelbase 2650 2640 2574 2685 3013
(mm)

Total mass 1710 1940 1730 2415 2600

Kerb mass 1263 1390 1365 1922 1800
(kg)

Wheelbase 447 550 365 493 800
(kg)

Roof load (kg) 80 100 75 80 80

3.3. Measurements with Hatchback

As mentioned above, the measurements with the hatchback were focused on deter-
mining the change in the axle loads and in the height of the center of gravity due to dif-
ferent load distribution.

The weight applied to the front and rear axle was determined by newly proposed
methodology via a pallet truck with a weight scale KPe 52E-7/1, Figure 1. The deviation
of weighing with the pallet truck is 0.5 kg [67].

Figure 1. Pallet truck with pallets used for measuring the axle load.
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The weight scale of the pallet truck (Position 1, Figure 1) carried two beams cross
wisely (Position 2). The Euro pallets were located on the beams (Position 3).

The principle of how the axle loads were determined by the weight scale pallet truck
together with pallets is shown in Figure 2.

Figure 2. Principle of determining the axle load via the weight scale pallet truck in the horizontal
direction.

The vehicle (Position 4, Figure 2) was placed on the Euro pallets (Number 3) under
which the beams were located (Number 2). Since it is a Euro pallet, its size is 800 mm x
1200 mm. The wheel centers are located as much as possible in the middle of the Euro
pallet transversely, i.e., about 400 mm from the longer edge, in order to prevent deviations
from occurring due to pallet bending on the beams. The weight scale truck was located
under the front axle (Position 1). The front axle was lifted by the pallet truck and water
level to the same height as the rear axle in order to maintain the same height between the
top of the pallets. Then, the weight applied to the front axle, including the beams and
pallets, was subtracted. The net weight applied to the front axle was determined by sub-
traction of the beams’ weight with the pallets. Such a procedure was further applied to the
rear axle.

To determine the center of gravity’s height, it was necessary to determine the change
in the weight applied to the front axle when lifted as well. The measurement with the
lifted front axle of the hatchback is displayed in Figure 3.

Figure 3. Principle of determining the axle load via the weight scale pallet truck in the vertical
direction.
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The front axle was lifted higher by the euro pallets than the rear one (Figure 3, Posi-
tion 3) and also by using the maximum lift of the pallet truck (Position 1). The height of
the lifted front axle was determined as a difference between the distance of the front wheel
and the distance of the rear wheel from the axle. The front axle was lifted by about 520
mm higher compared to the rear axle. This value was determined by observing and meas-
uring. At a lower value, there was no sufficient difference in the weights when weighing
horizontally and with a lifted rear axle. When the front axle was lifted by more than 630
mm, it led to a greater pressing of the rear suspension and rear wheel tires than when
weighing horizontally, which has a negative impact on measurement accuracy and more
corrections, or fixation of suspension’s position, would be needed. Thus, the value of lift-
ing by 510 mm showed that at this value the highest accuracy and repeatability are
reached. Such value is individual for each vehicle, and it is impossible to determine it
generally, since it is necessary to determine it by observing and measuring on the basis of
the stiffness of dampers, suspension and tires.

The measurements of the weight applied to the axles were performed as follows:

- Empty vehicle, with a driver only, weighing 50.5 kg;

- Load in the luggage compartment;

- Load on the rear seats;

- Load on the rear seats and in the roof box;

- Load in the luggage compartment and the empty roof box;
- Load on the rear seats and the empty roof box.

The load comprised 16 cartons with a total mass of 205 kg. One carton weighed 12.8
kg.

The weight of the roof box called MobyDick used for measuring was 11.5 kg. During
the measurement with the load in the vehicle, in the luggage compartment, or on the seats
and in the roof box, there were 11 cartons (i.e., 140.8 kg) in the vehicle, and 6 cartons (i.e.,
76.8 kg) in the roof box.

After determining the weights applied to the front and rear axle with the vehicle in a
plane and with a lifted axle, it was possible to calculate the distance of the center of gravity
from the front and rear axle during all variants of load distribution.

When determining the vehicle weight which is on the beams and pallets, this can lead
to measurement deviations due to motions and deformations of the beams. The weight
scale pallet truck is designed, calibrated, and officially certified for weighing when the
material weighed is directly placed on its holders [68]. For determining the deviation of
weighing, the cargo itself and the roof box were placed directly on the pallet truck. After
that, they were fitted into the vehicle. Then, the weight of the vehicle together with the
cargo and roof box was determined. This weight was compared to the value calculated as
an addition of the empty vehicle’s weight and the vehicle weight with the cargo and roof
box. The weight determined by weighing was marked as “Measured vehicle mass”, and
the weight determined by addition of the empty vehicle and vehicle with the cargo and
roof box was marked as “Theoretical vehicle mass”. The difference between “Measured
vehicle mass” and “Theoretical vehicle mass” was given in percentages, and this value can
be considered as an expression of accuracy in weighing by the weight scale of the pallet
truck, i.e., as important values for determining the center of gravity’s position. The second
important value for calculating the center of gravity is the value of the lifted axle’s height.
To have the highest accuracy possible, the water level was used at the lower part of the
front axle’s wheel from which the value was subtracted.

The measurements of the lifted axle’s height were performed with both sides of the
vehicle, and the value was averaged. An important factor when weighing in the plane is
that the wheels of the front and rear axle should be in the horizontal position transversely
as well as longitudinally. To meet this condition, the water level was used, and the hori-
zontality was reached by lifting or lowering the weight scale pallet truck.
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The distance of the center of gravity from the front axle was calculated using Equa-
tion (1) and from the rear axle using Equation (2).

The height of the center of gravity was defined according to Formula (3).

After determining the center of gravity’s height, it was possible to calculate the theo-
retical limit speed of bending at the limit overturning according to formula:

V=3.6.\/R (2.h,.tga + B) @)

'g'(Z.hC — B.tga)

where:

V is the theoretical speed of bending at the limit overturning (km/h);

R is the bend radius (m);

g is the gravitational acceleration (m.s?);

ais the road inclination at the bend (°);

B is the wheel track;

h. is the height of the center of gravity (m) [69].

The bend radius was 40 m. This is a relatively small radius. However, such bending
can occur when a sudden obstruction occurs as well.

The angle of the slope at which tipping over to the side may occur is also an important
data:

w
B = arctgh— (5)
C

where:
[ is the theoretical angle of bending at the limit overturning (°);
w is the half the wheel track (°);
h is the height of the center of gravity (m) [70].
For comparison with other vehicles the static stability factor SSF was calculated as:

wT

SSF =
2h,

(6)

where:

SSF is the static stability factor (-);

WT is the wheel track (°);

hc is the height of the center of gravity (m) [71].

As a relative indicator of the vehicle stability, the ratio of the vehicle’s height to the
wheel track was calculated as:

H

where:
HW is the ratio of the vehicle’s height and the wheel track (-);
H is the vehicle’s height (m);
WT is the wheel track (m) [72].

3.4. Measurements with SUV

The measurements with SUV (Figure 4) focused on determining the change in axle
loads and the center of gravity’s height due to different load distribution.
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Figure 4. SUV during measurements.

The measurements were performed with the weight scale pallet truck, in the same
way as with Kia Ceed 1.6 CVTI. The same roof box MobyDick was used for measuring as
well. The front axle was lifted by about 530 mm, which means that there was sufficient
difference between the weights applied to the axles during weighing horizontally and
with a lifted axle, and at this value, it did not lead to pressing the suspension of the rear
axle and to lengthen the suspension of the front axle.

The measurements of the weight applied to the axles were performed as follows:

- The empty vehicle with the driver only weighing 50.5 kg;

- Load in the roof box weighing 72.5 kg;

- Load in the load compartment, on the lowered rear seats and on the floor in front of
the lowered rear seats, and on the floor in front of the front seats weighing 472.5 kg;

- Load in the load compartment, on the lowered rear seats weighing 400 kg, and in the
roof box weighing 72.5 kg;

- Load on the floor in front of the rear seats and on the floor in front of the front seat
weighing 72.5 kg.
The load of SUV comprised 4 barrels, each weighing 100 kg (Figure 5), and 5 cartons

weighing 72.5 kg.

Figure 5. Load of 400 kg placed in the luggage compartment and on the lowered rear seats of SUV.

The barrels were secured to avoid their moving during the measurements in the
plane or slantwise.
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3.5. Measurements with Electric, Hybrid, and VAN

The measurements with electric, hybrid, and VAN focused on determining the center
of gravity’s position were performed with the pallet scales, in contrast to two previous
vehicles (hatchback and SUV). The measurement scheme is displayed in Figure 6.

Figure 6. Electric during measurements.

The vehicle (Figure 6, Position 1) was placed on the pallet scale (Position 3) on its rear
axle. To make the vehicle horizontal, the front axle was underlaid by wooden material
(Position 3). After the weight of the rear axle was found, the weight of the front axle was
further determined.

The pallet scale’s type was LP7516, with a maximum mass for weighing of 3000 kg
and a weighing deviation of 0.5 kg—the same as the weighing scale of the pallet truck
[73]. The pallet scales are not mechanically interconnected. They are only connected to the
display through cables, so they can be used in any vehicle with any track width. At the
same time, there is a possibility to determine the weight individually for the left and for
the right wheel, and so the center of gravity’s position can be determined transversely as
well.

The height of the scales can be adjusted by set screws. To determine the height of the
center of gravity, one of the axles was lifted by the pallet truck with a scale (Figures 1-3,
Position 1). The front axle was lifted 250 mm higher than the rear axle. The measurements
were performed without the driver and with the driver in order to verify the measurement
accuracy. The driver weighed 50.5 kg and the measurement accuracy was verified by sub-
traction.

4. Results and Discussion
4.1. Measurement Results with Hatchback

The measurements with Hatchback were performed to calculate the position of the
center of gravity in the horizontal direction as well as in the vertical direction. The ob-
served values of its axle loads are given in Table 3. The weight of two iron beams with two
pallets was subtracted from the measured weights, and it was 166.5 kg (Figure 1). When
measuring with the lifted axle (Figure 3), 6 pallets were used, and the weight of beams
with pallets was 246.5 kg.
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Table 3. Measured values of hatchback.

Variant Front Axle (kg) Rear Axle (kg) Lifted front Axle (kg)
Empty vehicle 789.0 516.5 768.5
Load in the luggage compart- 776.5 7345 7455
ment
Load on the rear seats 827.5 684.0 804.0
Load in the lgggage compart- 806.0 716.0 7735
ment and in the roof box
Load in the roof box only 815.0 573.0 785.5
Load on the rear seats and in the 841.0 6815 807.0
roof box
Load on the rear seats, empty 831 692 800.5
roof box
Load in the luggage compart- 778 745 748.5
ment, empty roof box
Empty vehicle, empty roof box 792.5 524.5 771.5

Based on the change in the weight applied to the front axle when the vehicle is in the
plane and the front axle is lifted (Table 3, comparing the columns 2 and 4), the change in
the center of gravity’s height can be estimated as well. The higher the difference in the
weight applied to the front axle, the higher the center of gravity [74].

To verify the measurement accuracy, Table 4 shows the calculated measurement de-
viations. The second column shows the vehicle mass given by the addition of the weight
applied to the front and rear axles in the plane (Table 3, Column 2 and 3). Column 3 shows
the theoretical vehicle mass, i.e., the addition of the weight of the empty vehicle with the
driver, and separately weighed mass of the load and roof box according to a particular
measurement variant. The theoretical mass is considered as “actual weight” since there is
an assumption of smaller deviation when weighing the vehicle and load separately, also
bearing in mind that one scale division of the pallet truck’s scale is 0.5 kg. Thus, the per-
centage expression of the difference between the “Measured vehicle mass” and the “The-
oretical vehicle mass” can be considered as a measurement deviation as well as a deviation
for further determining the center of gravity’s position since the weight applied to the
axles is the most important value for the calculation of the center of gravity’s position.

Table 4. Measured deviations of hatchback.

Measured Vehicle Theoretical Vehicle

. 1 1 0,
Variant Mass (kg) Mass (kg) Deviation (%)
Load in the luggage compart- 1511.0 1510.5 +0.03
ment
Load on the rear seats 1511.5 1510.5 +0.06
Load in the 1}1ggage compart- 1522.0 1522.0 0.00
ment and in the roof box
Load in the roof box only 1388.0 1381.0 +0.50
Load on the rear seats and in the 1522 5 1522.0 +0.03
roof box
Load on the rear seats, empty 1523.0 1522.0 +0.06
roof box
Load in the luggage compart- 1523.0 1522.0 +0.06

ment, empty roof box
Empty vehicle, empty roof box 1317.0 1317.0 0.00




Appl. Sci. 2024, 14,9328

15 of 31

As follows from Table 4, there were very low measurement deviations. The highest
measurement deviation was with the load in the roof box, i.e., 0.50%. In the other cases,
there was very high measurement accuracy achieved, as it is possible to consider weighing
of the vehicle separately and weighing the load separately to be an “etalon”. Thus, the
basic and the most important condition for determining the center of gravity’s height and
for determining the vehicle mass as close as possible can be regarded as fulfilled.

The mass divided into the front and rear axles and given in percentage is shown in
Table 5. Table 5 also shows the distance of the center of gravity from the front and rear
axles of the Hatchback, L1 and L2, calculated according to Formulas (1) and (2). The last
column shows the calculation of the change in the distance of the center of gravity from
the front axle in comparison with the empty vehicle.

Table 5. Division of vehicle mass into the front and rear axles of hatchback and the distance of the
center of gravity from the axles.

. Front Axle Rear Axle Change Change
Variant Load ) Load (e (o 1102w T
Empty vehicle 60.44 39.56 0.00 1.05 1.60 0.00
Load in the luggage 51.39 48.61 905 129 136 024
compartment
Load on the rear seats 54.75 45.25 5.69 1.20 145 0.15
Load in the luggage
compartment and in the 52.96 47.04 7.48 1.25 1.40 0.20
roof box
Load in the roof box only 58.72 41.28 1.72 1.09 1.56 0.04
Loadon the rearseats o, 4476 520 119 146 014
and in the roof box
Load onthe rearseats, 5 o 4544 588 120 145 015
empty roof box
Load in the luggage
compartment, empty 51.08 48.92 9.36 1.30 135 0.25
roof box
Empty vehicle, empty 60.17 39.83 027 106 159 001
roof box

To compare with the empty vehicle, it led to the most substantial change in the axle
load when unloading the whole load into the luggage compartment, and the roof box was
empty, with a difference of about 9%. Such a change in the axle load and reduction of the
load of the front driving axle also affects the vehicle’s ability to accelerate, especially on
wet or icy surfaces, or mud, with low friction coefficient [75,76]. Moreover, this change in
load can lower the risk of oversteer skid, since the load distribution is the closest to the
same load of the front and rear axle, and the center of gravity is located approximately in
the middle between the front and rear axles [77].

The center of gravity in the horizontal direction shifted towards the rear axle by 25
cm due to unloading into the luggage compartment and fitting the empty roof box, as
follows from Table 5 as well. This was achieved by the load weighing 205 kg and the empty
roof box weighing 11.5 kg. The load capacity of the hatchback was 447 kg. This means that
there was not even half of the load capacity used, and despite this, the shifts in the position
of the center of gravity in the horizontal direction do have an impact on the vehicle driving
performances, as also mentioned in publication [78]. The authors of Ref. [79] conclude, in
relation to a similar tire as used with the Kia Ceed, a strong dependence between the tire
load and slip, contact area pressure distribution, tire contact area maximum pressure
value, lateral tire deflection, and cornering stiffness.
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The height of the center of gravity and its change due to load distribution of the
Hatchback with a weight not reaching even half of the load capacity are given in Table 6.
The higher the center of gravity, the higher the risk of overturning and the more the axle
load changes during braking [80,81].

Table 6. The height of the hatchback’s center of gravity and the theoretical speed of driving at the
limit of overturning.

Change Theoretical Change T?{Z(l)lrj‘t::l
Variant hc (m) (%)/  Speed Limit  (%)/ Angle
(m) (km.h-9) (km.h-) ©
Empty vehicle 0.56 0/0 87.65 0/0 50.71
Load in the luggage 062 1071006 8320  -507/-445 5170
compartment
Load on the rear seats 0.63 12.5/0.07 82.53 -5.84/-5.12 51.25
Load in the luggage
compartment and in the 0.65 16.07/0.09 81.23 ~7.33/-6.42 50.37
roof box

Load in the roof box only 0.66 17.86/0.10 80.60 -8.04/-7.05 49.94
Load on the rear seats
and in the roof box
Load on the rear seats,
empty roof box

0.67 19.64/0.11 79.99 -8.74/-7.66 49.51

0.63 12.5/0.07 82.53 -5.84/-5.12 51.25

Load in the luggage
compartment, empty 0.62 10.71/0.06 83.20 -5.08/—4.45 51.70
roof box
Empty vehicle, empty 50 0/0 87.65 0.00/0.00 5071
roof box

The load placed on the rear seats and in the roof box caused an increase in the height
of the center of gravity by 11 cm, which is 19.64%. The vehicle body dropped by 4.5 cm at
maximum load, 216.5 kg. The suspension stiffness is thus 1 cm for every 48 kg.

The driver can affect the risk of overturning by distributing the load to a large extent,
as also follows from Table 5. The worst load stowage was when the load was on the rear
seats and in the roof box. At the same bend radius, the theoretical speed at the limit of
overturning was reduced by 7.66 km.h7, i.e., 8.74%. Additionally, the authors of publica-
tion [82], who have selected a bus for their research, point to the reduction of speed driv-
ing at the limit of overturning and to the increase in the center of gravity’s height.

A summary of the results from Tables 5 and 6 is shown in Figure 7, in which the
position of the center of gravity at each type of load stowage of hatchback is displayed.
Each color represents the type of load stowage and considers the distance of the center of
gravity from the axles as well as its height.
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® Load on the rear seats and in the roof box
Load in the roof box only
® Load in the luggage compartment and in the roof box
" @ Load on the rear seats, empty roof box
/@Load on the rear seats

/@ Load in the luggage compartment, empty roof box
Load in the luggage compartment /
Empty vehicle
Empty vehicle, empty roof box

Figure 7. Position of the center of gravity of hatchback.

Every time the load was transferred, the center of gravity shifted too, either vertically
or horizontally, or both, as also displayed in Figure 7. The lowest center of gravity was in
the empty vehicle (Figure 7, light blue color), or in the empty vehicle with a fitted empty
roof box (yellow color). However, when driving with the empty roof box, the center of
gravity would shift rearward since the air resistance of the roof box would act rearward
too. Reducing the load of the front axle and loading the rear axle would increase with
increasing speed of driving, which is also described in the publication focused on dynam-
ics of road vehicles [83]. Using the roof box and the center of gravity’s height would also
be important for the crosswind’s effect on the vehicle stability while driving in the bend
[84]. The empty roof box, although there was not any measurable increase in the center of
gravity’s height, would increase the surface of the vehicle’s lateral area [85], which is im-
portant for the wind action, and it would also lengthen the arm on which the wind force
would have been applied [86,87]. When driving on unpaved terrain or on a slope, it is
necessary to choose such a distribution of the load to reduce the risk of the vehicle tipping
over.

4.2. Measurement Results with SUV

The measured values of SUV are given in Table 7. The values are given without the
weight of the beams with pallets. Since the key aim in relation to SUV was also to deter-
mine the center of gravity’s height, the values of weight corresponding to the front axle
when it is lifted are given as well.

Table 7. Measured values of SUV.

Variant Front Axle (kg) Rear Axle (kg) Lifted (Fl:;)n tAxe
Empty vehicle 911.0 582.0 873.5
Load in the roof box only, 72 kg 927.0 638.5 682.5

Load in the luggage compartment,
on the lowered rear seats, 400 kg, on
the floor in front of the lowered rear 927.0 638.5 883.0
seats, and on the floor in front of the
front seat, 72.5 kg
Load in the load compartment, on

the lowered rear seats, 400 kg, and in 942.0 1029.5 882.0
the roof box, 72.5 kg
Load on the floor, 72.5 kg 943.0 623.5 905.0

The weight applied to the rear axle changed from 580 kg with the empty vehicle up
to 1029.5 kg with the load placed in the luggage compartment and on the lowered rear
seats (Table 7). Based on data from Table 7, there is a presumption of the highest center of
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gravity with the load in the roof box only, since it led to the reduction of load of the front
axle when lifted. At the same time, when the center of gravity is high, the front axle loses
its ability to shift forces onto the road while driving uphill to a large extent since it leads
to a reduction in load, which is a very important characteristic for an SUV [88]. The rela-
tion between the vehicle’s ability to drive uphill and the position of its center of gravity is
described in the publication [89] in which the authors mention a high value of correlation.

To verify the measurement accuracy, the measurement deviations from the weight
measured by separate weighing of the empty vehicle with the driver and separate weigh-
ing of the load are given in Table 8.

Table 8. Measured deviations with SUV.

Variant Measured Vehicle  Theoretical Deviation
Mass (kg) Vehicle Mass (kg) (%)
Load in the roof box only, 72 kg 1565.5 1565.5 0.00

Load in the luggage compartment,
on the lowered rear seats, 400 kg, on
the floor in front of the lowered rear 1969.0 1965.5 +0.18
seats, and on the floor in front of the
front seat, 72.5 kg
Load in the load compartment, on

the lowered rear seats, 400 kg, and 1971.5 1965.5 +0.31
in the roof box, 72.5 kg
Load on the floor, 72.5 kg 1165.5 1565.5 0.00

Weighing with a weight scale pallet truck was with minimum deviations (Table 8).
The deviations could have been caused by a different position of the driver on the seat, or
the height of the front and rear axles from the floor were not the same [90,91]. Similarly,
low values of differences between the mass determined by weighing the vehicle with a
load and the mass determined by an addition of the mass of the vehicle and the load are
also given in Table 4. The maximum difference was 7 kg, which is 0.50%. In Tables 3 and
8, the average difference was 1.7 kg, which is 0.10%. Therefore, the method of determining
the vehicle mass by using the weight scale pallet truck and the pallets can be regarded as
accurate and reliable enough. For a comparison, in publication [58], the difference be-
tween the vehicle mass determined by weighing (1200 kg) and the vehicle mass deter-
mined by calculation (1112.7 kg) was up to 7.3%. The authors also mentioned the result of
1283 kg when using another method, so it can be concluded that for determining the ve-
hicle mass and subsequent calculation of the center of gravity’s position, weighing by the
weight scale pallet truck is a very suitable method.

The percentage division of the mass into the front and rear axles and the distances of
the center of gravity from the front and rear axles, calculated according to Formulas (1)
and (2) are given in Table 9. The percentage division of vehicle mass into the front and
rear axle is given in the second and third columns. The fourth column shows the change
in mass distribution in comparison with the empty vehicle, given in percentages. The dis-
tance of the center of gravity from the front and rear axle is given in the fifth and sixth
columns, and the last column shows the change in the center of gravity’s position in the
horizontal direction in comparison with the empty vehicle, and it is given in meters.
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Table 9. Division of vehicle mass into the front and rear axles of SUV and the distance of the center
of gravity from the axles.

Front Axle Rear Axle Change Change

Variant Load (%) Load (%) (%) ™ L2 o)
Empty vehicle 61.02 38.98 0.00 1.03 1.61 0.00
Load in the roof box only, 72 kg~ 59.21 40.79 181 1.08 156 0.05
Load in the luggage compart-
ment, on the lowered rear seats,
400kg onthefloorinfrontofthe 0 0 5157 1539 136 128 033
lowered rear seats, and on the
floor in front of the front seat,
72.5kg
Load in the load compartment,
on the lowered rear seats, 400 kg,  47.78 52.22 1324 138 126 0.35
and in the roof box, 72.5 kg
Load on the floor, 72.5 kg 60.20 39.80 082 1.05 159 0.02

The difference between the empty and loaded vehicles in the division of mass into
the front and rear axles of SUV was the highest (13.24%) when the load was placed in the
luggage compartment and on the lowered rear seats, and into the roof box. Reducing the
axle load by 13% on a surface with a low friction coefficient may weaken the vehicle’s
ability to accelerate or bend by approximately the same percentage [92,93]. Kia Ceed and
SUV have a relatively short rear overhang. If the measurements were performed with ve-
hicles with a longer overhang, such as in estate cars, the reduction of load of the front axle
when the load is in the luggage compartment would have been substantially higher, and
it would have led to the overload of the rear axle. Thus, when modeling, it is necessary to
take into consideration the real load distribution and its following real axle load as well
as the center of gravity’s position in the horizontal plane. The impact of cargo distribution
on the center of gravity’s position shall be taken into consideration also when modeling
the performance division for each axle, as also mentioned in publication [94], since the
load of each axle together with the following traction force is changing due to cargo dis-
tribution (Table 9), and considering only the weight distribution in the empty vehicle
would lead to miscalculations. It is similar when proposing the adaptive suspension in
publication [95] since different cargo distribution changes the suspension characteristics.

Concerning the vehicle with a load of 425.5 kg, its load capacity was used up to 86%.
The center of gravity was shifted up to 0.35 m towards the rear axle, as follows from Table
9. A different distribution of the load led to changes in the axle load and in the center of
gravity’s position (Tables 5 and 9). The changes due to different cargo distribution in Ta-
bles 5 and 9 are logical, i.e., there was not any shift of the center of gravity towards the
front axle and vice versa when moving the cargo into the rear part of the vehicle. Thus, it
can be assumed that the weighing of the vehicles and the following calculations were cor-
rect and correspond to the current state. Therefore, the data from Tables 5 and 9 are appli-
cable for further modeling and comparing as well.

The impact of load and its position on the center of gravity’s height of SUV is given
in Table 10. Table 10 shows the impact of the load and its distribution on the theoretical
speed of crossing the bend with a radius of 40 m at the limit of overturning, too.
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Table 10. The height of the SUV’s center of gravity and the theoretical speed of driving at the limit
of overturning and theoretical rollover angle.

Change Thseoret(iical Change TII;ecl)lretical
Variant hc (m) (%)/ pee (%)/ otover
(m) Limit (. h-1) Angle
(km.h™) ©)
Empty vehicle 0.67  0.00/0.00 81.12 0.00/0.00 50.23
Load in the roof box only, 72

ke 0.71 5.97/0.04 78.77 -2.90/-2.35 48.66

Load in the luggage com-
partment, on the lowered
rear seats, 400 kg, on the
floor in front of the lowered
rear seats, and on the floor in
front of the front seat, 72.5 kg
Load in the load compart-
ment, on the lowered rear
seats, 400 kg, and in the roof 0.74  10.45/0.07 77.14 -4.91/-3.98 49.47
box, 72.5 kg
Load on the floor, 72.5 kg 0.66 —1.49/-0.01 81.74 +0.76/+0.62 50.73

0.69 2.99/0.02 79.91 -1.49/-1.21 49.47

The SUV has in general a higher position of the center of gravity (0.67 m) than the
hatchback (0.56 m) since it is a higher vehicle. Placing the load of 72.5 kg on the vehicle’s
floor caused a reduction in the height of the center of gravity by 1.5 cm. This also occurred
because the center of gravity of the load was probably under the center of gravity of the
empty vehicle and also due to the overall drop of the car body in the suspension. When
the center of gravity would have been at the peak, the load in the luggage compartment
and in the roof box, in the case of air or hydraulic suspension which keeps the same clear
height from the vehicle’s load, the center of gravity was even higher [96]. However, the
body fell by 9 cm in the suspension owing to load stowage, and thus, it led to moderation
of the center of gravity’s increase as well.

Since the body dropped by 9 cm with a load of 472.5 kg, this means that with every
52.5 kg of load, the body drops by 1 cm. The suspension constant of both hatchback and
SUV vehicles can be further used in the calculation of the change in the height of the center
of gravity due to the loading of additional cargo. Without the use of data on how many
cm the vehicle body drops under different loads, the calculation results would be signifi-
cantly inaccurate.

The theoretical speed at the overturning limit of the empty vehicle is 81.12 km.h1.
Placing the load on the floor slightly increased the theoretical speed. However, in all the
other cases the load decreased the speed, as follows from Table 10.

Based on the data from Tables 9 and 10, Figure 8 shows the positions of the center of
gravity depending on the load distribution. Each variant of load distribution has a certain
color.



Appl. Sci. 2024, 14,9328

21 of 31

@ Load only in th

@ Empry vehicle

Figure 8. Position of the center of gravity of SUV.

The highest center of gravity and the furthest from the front axle is when the load is
in the vehicle and in the roof box (Figure 8, red color). The lowest position of the center of
gravity (yellow color) was when the load of 72.5 kg was placed on the vehicle’s floor.
However, this caused the center of gravity to be shifted towards the front axle.

The authors of publication [97] determined the center of gravity’s height of a compa-
rable vehicle, i.e., Skoda Yeti, without a load and without a driver. This was accomplished
by a device designed for measuring the moment of inertia. When using the roll motion,
the authors calculated the center of gravity’s height as 56.42 cm, and when using the pitch
motion, it was 71.40 cm. Thus, the difference in heights of the center of gravity was 14.98
cm, resp. 26.6%, and the measurements were performed under the same conditions, i.e.,
an empty vehicle without a driver. Concerning the empty SUV with a driver, the center of
gravity’s height was determined as 67 cm, which corresponds to the interval with the
measurement results of Skoda Yety. However, the method mentioned in the publication
[97], would not be used for measuring the change in the center of gravity’s height due to
different load distribution, since in that situation it led to the shift by 1 cm in some cases,
and the above-mentioned method showed the measurement deviation of about 15 cm be-
tween two measurements [97]. The methodology presented in this article can thus be con-
sidered significantly more accurate and suitable than other compared methodologies.

As can be seen from Figures 7 and 8, each change in the load position caused a dif-
ferent deformation of the tires and suspension. In scientific articles aimed at mathemati-
cally determining the position of the center of gravity, the position of the vehicle’s center
of gravity is often given with an accuracy of millimeters. In the article [98], the position of
the tractor’s center of gravity is given with an accuracy of hundredths of a millimeter.
Specifically the mathematically calculated height of the center of gravity is given as 682.06
mm. However, based on the results of the measurements presented in this article, it can
be concluded that such a precise indication of the position of the center of gravity is irrel-
evant, since, as was stated, the position of the center of gravity changes.

4.3. Measurement Results with Electric, Hybrid, and VAN

The measurement results with electric, hybrid, and VAN vehicles are given in Table
11. The value for the empty vehicle is always given before the slash and the value for the
vehicle with the driver is always given after the slash. The fourth column shows the real
measured vehicle mass including the driver as well as the theoretical vehicle mass includ-
ing the driver. The theoretical mass is the empty vehicle’s weight together with the weight
of the driver determined by individual weighing. The last column shows the difference in
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kilograms and percentage between the measured vehicle mass, i.e., the mass actually de-
termined, and the theoretical vehicle mass, i.e., the mass that should be determined.

Table 11. Measured values and deviations of electric, hybrid, and VAN.

Vehicle Front Axle (kg) Rear Axle (kg) Measured/Theoretical  Difference

Vehicle Mass (kg) (kg)/(%)
Electric 646.5/672.5 707.5/732 1404.5/1404.5 0/0
Hybrid 1106/1130 789/815.5 1945.5/1945.5 0/0
VAN 1101.5/1130 696.5/718.5 1848.5/1848.5 0/0

It follows from the last second columns of Table 11 that there were not any deviations
between the real measured vehicle mass and the theoretical vehicle mass. Thus, it may be
concluded that the measurements with the pallet scales were performed with sufficient
accuracy.

Table 12 shows the vehicle mass division. The value for the empty vehicle is always
given before the slash, and the value for the vehicle with the driver is given after the slash.

Table 12. Division of vehicle mass into the front and rear axles of electric, hybrid, and VAN and the
distance of the center of gravity from the axle.

Vehicle Front Axle (%) Rear Axle (%) L1 (m) L2 (m)

Electric 47.74/47.88 52.26/52.12 1.34/1.34 1.23/1.23

Hybrid 58.36/58.08 41.64/41.92 1.12/1.12 1.56/1.56
VAN 61.26/61.13 38.74/38.87 1.17/1.17 1.84/1.84

Table 13 shows the center of gravity’s height, the theoretical speed of driving at the
limit of overturning and the theoretical rollover angle. The value for the empty vehicle is
always given before the slash and the value for the vehicle with the driver is always given
after the slash.

Table 13. The height of the electric, hybrid, and VAN’s center of gravity and the theoretical speed of
driving at the limit of overturning and theoretical rollover angle.

Theoretical Speed  Theoretical Rollover Angle

Vehicle hc (m) Limit (km.h-) ©)

Electric 0.52/0.53 89.55/88.60 55.44/54.85

Hybrid 0.52/0.52 92.24/92.24 57.10/57.10
VAN 0.89/0.91 69.78/68.99 43.20/72.71

Electric and hybrid vehicles have, without the driver, the same center of gravity (0.52
m), as follows from Table 13. The main reason for such low position of the center of gravity
is the location of the batteries in the vehicles’ floor.

The visual positions of the center of gravity of the empty vehicles are shown in Figure
9 in blue.
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Figure 9. Position of the center of gravity of electric, hybrid, and VAN.

There are various software programs available for assessing the impact of load dis-
tribution on the change in the center of gravity’s position, such as the “LoadExpert” soft-
ware [99], which allows users to input different types of vehicles and includes standards
applied also in the USA, or other similar software available online or mentioned in refer-
ences [100-103]. Additionally, software called Truck Stow, developed at the University of
Zilina, which calculates the center of gravity for various vehicles with different load dis-
tributions, is also used [104]. However, when working with all the mentioned software, it
is necessary to know input values for accurate calculations, specifically the center of grav-
ity’s position of the empty vehicle and the loads on each axle. Furthermore, none of the
assessed software enables inputting the body drop due to the cargo load, which relates
particularly to passenger cars and vans, since heavy goods vehicles usually have an air
suspension system that compensates for the body drop. Thus, the data obtained can be
used as input values for software that can determine the center of gravity’s position, or
the data on the center of gravity’s position can be used as control data for such software
calibration.

To compare the results, Figures 10-12 contain data from publication [105], supple-
mented with data from the vehicles measured in this paper. Figure 9 shows the center of
gravity’s heights depending on the model year. The vehicles are divided by color accord-
ing to their body type. The figure also includes the center of gravity’s heights of the vehi-
cles measured in this article, and they are marked by the triangle sign.
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Figure 10. Center of gravity and model year.

The hatchback, SUV, and VAN vehicles have average center of gravity heights com-
pared to other vehicles, as follows from Figure 10. These vehicles are equipped with com-
bustion engines. Hybrid and electric vehicles have lower centers of gravity compared to
other vehicles. A significant decrease in the center of gravity is in the hybrid, even though
it is an SUV. Compared to other SUVs, the center of gravity is substantially lower since
the batteries are located in the floor. Although the electric vehicle also has the battery lo-
cated in its floor, and it is overall lower than the hybrid, the center of gravity’s height is
the same. This is owing to the relatively large diameters of the wheels as well as the higher
position of the engine. As also follows from Figure 10, a gradual increase in electric cars
and hybrids may bring a more radical decrease in the average center of gravity’s height,
and it must be reflected in further simulations as well as for reconstructions of car acci-
dents. Thus, in these cases, it will be necessary to have a simple and available methodol-
ogy for determining the height of the center of gravity as well as data on the center of
gravity’s height of the current vehicles.

The height of the vehicles’ center of gravity that depends on their total mass is given
in Figure 11. Like in Figure 10, the data of vehicles determined in this publication are
marked by the triangle sign.
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The center of gravity’s height of the vehicles increases together with their total mass.
Such a trend has been approved by the compared vehicles as well as vehicles of which the
heights were determined in this article, as follows from Figure 11. The exception was only
the hybrid, which has its battery located in the floor.

For better comparison, Figure 12 shows the SSF of the vehicles related to the total
mass. Like in Figures 10 and 11, Figure 12 shows the values compared to other vehicles.
The values of the vehicles assessed in this article are marked by triangle signs.

1.8
AHatchback ©Wagon oSedan oCoupe
ASUV -SUV Minivan oPickup
1.7 a oHatchback
AFEletreic SVAN" oConvertible
L OHybrid
AVAN
1.5
1.4
= 13
é
1.2 o
1.1 ) o
9]
1
ele]
0.9 v
0.8
500 1000 1500 2000 2500 3000 3500

total mass [kg]

Figure 12. SSF and vehicle mass.
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The highest values of SSF, i.e., the lowest risk of overturning, were in the hybrid ve-
hicles (1.59) and the electric vehicle (1.58).

Another indicator that assesses the impact of the center of gravity’s height on the
vehicle driving performances is the dependence of SSF on the roof-height-to-track-width
ratio (Figure 13).
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Figure 13. SSF and height to track width.

The value of SSF decreases visibly together with increasing value of the ratio of the
roof height and track width. Again, the hybrid and the electric slightly differs from this
trend (Figure 13).

5. Conclusions

The first aim of this study was to simplify, make cheaper, and increase measurement
availability, focused on determining the center of gravity’s position through radical inno-
vation of the experimental measurement methodology. The proposed measurement meth-
odology can be, based on the results of extensive experimental measurements, regarded
as suitable, repeatable, and applicable for other measurements as well. The advantage of
this methodology is also the possibility of smooth regulation of lifting the axle. The con-
tribution of the mentioned methodology is selection of the value of lifting the axle at which
it is possible to determine the difference between the weight applied to the axle when
weighing in the horizontal position and when weighing with the lifted axle, and, at the
same time, without any compensation of body drop due to suspension or without any
need of suspension fixation. The measurement methodology can also be used for deter-
mining the center of gravity’s position transversely. By using the pallet scales, the weight
for each wheel can be determined.

The second —no less important—goal of this article was to quantify the change in the
center of gravity’s position in different vehicles due to various load distributions. Based
on the result analysis of the measurements, it can be concluded a relatively low risk of the
axle overload as a cause of wrong load distribution, even when using the vehicle load
capacity more. If the load is placed behind the rear axle, there is a risk of reduction of load
of the front axle, which is both steering and driving. However, the main risk is raising the
position of the center of gravity, which has a negative impact on safety when bending or



Appl. Sci. 2024, 14, 9328 27 of 31

applying an avoidance maneuver, decelerating and accelerating. The center of gravity’s
height, mainly in relation to the SUV, was also affected by a car body drop on the suspen-
sion and tires. Thus, besides depending on the load, the height of the center of gravity also
depends on suspension characteristics and the tire stiffness. The car body drop due to the
load is problematic for mathematical modeling. The suspension constant, also affected by
their technical condition and age, may only be estimated with certain accuracy. Therefore,
for this reason, it is justifiable to perform the experimental measurements, which include
all the circumstances. Based on the result analysis of the measurements, it may be con-
cluded that even a relatively slight change in load distribution can lead to a substantial
change in the axle load, or in the center of gravity’s position. Thus, during the modeling
focused on vehicle dynamics or during the investigation of causes and courses of acci-
dents, it is always necessary to take into consideration the load distribution. The centers
of gravity’s positions were also determined for vehicles with an electric motor of the plug-
in hybrid type as well as for light commercial vehicles. The results were further compared
to other vehicles. The measurement results can be used in the modeling of vehicle dynam-
ics as the input values, or values for comparison and discussion, which can be significant
practical and scientific contributions of this article. The obtained data can also be used
when working with software and calculators focused on load distribution.

By examining the measured results, it was also concluded that it is irrelevant to state
the position of the center of gravity with an accuracy of millimeters, let alone hundredths
of a millimeter, as the deformation of tires and suspension and different positions of the
load affect the position of the center of gravity more than in hundredths of a millimeter.
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