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Abstract: Due to their lack of driving controllability, overweight vehicles are a big threat to road 
safety. The proposed method for a moving passenger car load estimation is capable of detecting an 
overweight vehicle, and thus it finds its application in road safety improvement. The weight of a 
car’s load entering or leaving a considered zone, e.g., industrial facility, a state, etc., is also of concern 
in many applications, e.g., surveillance. Dedicated vehicle weight-in-motion measurement systems 
generally use expensive load sensors that also require deep intervention in the road while being 
installed and also are calibrated only for heavy trucks. In this paper, a vehicle magnetic profile 
(VMP) is used for defining a load parameter proportional to the passenger vehicle load. The useful-
ness of the proposed load parameter is experimentally demonstrated in field tests. The sensitivity 
of the VMP to the load change results from the fact that the higher load decreases the vehicle clear-
ance value which in turn increases the VMP. It is also shown that a slim inductive-loop sensors 
allows the building of a load estimation system, with a maximum error around 30 kg, which allows 
approximate determination of the number of passengers in the car. The presented proof of concept 
extends the functionality of inductive loops, already installed in the road, for acquiring other traffic 
parameters, e.g., moving vehicle axle-to-axle distance measurement, to road safety and surveillance 
related applications. 

Keywords: weight-in-motion (WIM); slim inductive-loop; multi-frequency impedance;  
vehicle magnetic profile (VMP); car load estimation 
 

1. Introduction 
A passenger car being overweight occurs when a total load exceeds the permissible 

limit, and it can be caused by the cargo and/or the number of passengers [1]. This is a 
severe problem because overloaded vehicles pose a significant danger to road traffic [2,3], 
among others, due to the lack of controllability when braking. For this reason, an over-
loaded passenger vehicle should be prevented from being on the road. Moreover, an ex-
cessive load can be caused by smuggling people or goods; thus, the proposed method 
could also find its application in surveillance and safety systems. 

Current research on vehicle weighing in motion (WIM) systems is mostly concen-
trated on heavy trucks, e.g., [4–7], because they significantly damage the road surface. 
These vehicles are next driven to certify static weigh stations [8]. The result of static weigh-
ing may be the basis for imposing a penalty for exceeding the total weight. Efforts to 
achieve constant and high accuracy of vehicle WIM systems are ongoing. Achieving high 
accuracy is a prerequisite for using WIM systems in direct enforcement mode [9]. In the 
considered case of passenger cars, road deterioration is of marginal concern, and we con-
centrate on road safety. 
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Known vehicle WIM systems are mostly based on wheel load sensors [10–13]. Piezo-
electric, quartz, fiber optic, and strain gauge load cell sensors are used. The WIM system 
installation requires a lot of intervention in the pavement, much more than in the case of 
inductive-loop (IL) sensor technology [14,15]. IL sensors cooperate with wheel load sen-
sors in WIM systems, where they are used to detect the vehicle body, enabling the correct 
operation of the entire WIM system. So far, IL sensor technology alone has not been tested 
for possible application in vehicle load estimation. The proposed method uses only the 
existing IL sensors, and no additional sensors are required; nevertheless, we show that the 
preselection of overloaded cars can still be obtained. 

The proposed measurement system exploits the multi-frequency impedance meas-
urement (MFIM) method widely used in biomeasurements, spectroscopy, and impedance 
tomography [16–22]. MFIM has also been used to detect and size DNA fragments [23]. 
However, as recent research shows, the MFIM system for IL sensors provides more relia-
ble signals for various purposes [24,25]. The MFIM system output signal is called vehicle 
magnetic profile (VMP). 

The hypotheses raised in this work are as follows. It is possible to apply an adaptive 
IL sensors technology and MFIM system for load estimation of passenger vehicle. The 
main contribution of this work is the new application of IL sensors to estimate the mass 
of a passenger car load. The main aim is to experimentally demonstrate the sensitivity of 
a new load parameter, defined based on VMP, to the vehicle load. This relation originates 
from the dependence of the passenger vehicle clearance value on the vehicle load mass 
and finally the VMP. It is also highlighted that the slim IL sensors [24,25] are better suited 
for the task than the wide IL sensors. They allow the building of a system for estimating 
the load mass of a passenger vehicle within a maximum error of around 30 kg and ap-
proximate estimation of the number of passengers under the assumption of an average 
passenger mass, e.g., 70 kg. The paper describes the whole IL sensor-based system dedi-
cated to various road traffic measurements that is currently working on the UST-AGH 
campus. The measurements are taken at different frequencies for increased immunity to 
electromagnetic interferences. Opposite to existing WIM systems that are used for detect-
ing overloaded heavy trucks that damage the road, we consider the case of overloaded 
passenger cars, which do not damage the road but still pose a threat for road safety. 

2. Measurement System 
The diagram of the measurement system is shown in Figure 1. The suspension of a 

passenger car is flexible. The load of the car affects the ground clearance. A loaded car has 
a lower ground clearance than an unloaded one. 

A set of four IL sensors (IL1–IL4) have been installed in the lane of the road where 
the vehicles pass. 

The slim IL sensor is made in the same technology as the wide one. The longevity of 
IL sensors reaches the life of the pavement in which they are installed and can roughly be 
estimated for 10–20 years. 

The precision of the installation of the slim IL sensor with dimensions of 0.1 m by 3.2 
m is estimated at 5 mm and is limited by guiding the saw cutting a groove in the road 
surface for a wire. Such precision is satisfactory. We have two slim IL sensors on the 
testbed. No significant differences were observed in the obtained VMPs for both slim IL 
sensors. 

Strict comparison of a slim IL sensor with other WIM load sensor technology is diffi-
cult because different sensors generate different output signals. A significant problem of 
the load sensor is the non-uniform sensitivity over the sensor length. In the case of the 
applied slim IL sensor, this problem can be neglected thanks to sufficient installation pre-
cision. 
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Figure 1. Load estimation system block diagram. IL1—the first standard IL sensor, IL2—the first 
slim IL sensor, IL3—the second standard IL sensor, IL4—the second slim IL sensor. 

Each IL sensor has its own impedance parameter measurement channel. Impedance 
measurement is carried out using the auto-balancing bridge method (ABB). The system 
includes four processing channels dedicated to four IL sensors. Digital processing is car-
ried out using an industrial NI-PXI computer with a data acquisition card containing an 
FPGA module. Detailed technical information about the IL sensors construction and the 
implementation of the MFIM method is given in [24]. Compared to [24], the following 
significant changes have been additionally applied. Currently we use a new set of excita-
tion frequencies, listed in Table 1, for obtaining R-VMP and X-VMP. 

Table 1. The list of excitation frequencies applied in the system. 

Frequency Value in kHz in a Given Channel: f1  f2  f3 
#1: for the first standard IL1 sensor 10 18 27 
#3: for the second standard IL3 sensor 13 21 28 
#2: for the first slim IL2 sensor 6 15 22 
#4: for the second slim IL4 sensor 7 16 24 
Where: f1, f2, f3—denote excitation frequencies. 

Additionally, in order to improve the quality of the acquired VMPs, signal processing 
tools such as wavelets [26] and an additional low-pass flat-top digital filter [27] with a 
bandwidth matched to the vehicle velocity are applied. Examples showing the importance 
of such filtration in VMP processing are provided in Appendix A in Figures A1–A3. 

Car engines generate electromagnetic interferences (EMIs). In the proposed measure-
ment system, EMIs are detected by applying a notch filter for all excitation frequencies 
(Table 1) and evaluating the level of the remaining output voltage, which is then recorded. 
The presence of a high level EMIs, especially with frequencies close to the excitation fre-
quency, disturbs the VMP’s shape. By setting different values of excitation frequencies, 
we increase the overall robustness of the measurement system against EMIs. 

The impedance signal contains a DC component equal in value to the nominal re-
sistance (R) and reactance (X). However, the VMPs have this offset removed. VMP extrac-
tion consists of thresholding vehicle presence detection and offset subtraction based on 
pre-trigger and post-trigger VMP values. 
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The ADCs in the system have a mode of synchronous sampling. Obtained VMPs and 
EMIs from individual channels are synchronized in time. Exemplary VMPs and EMIs in 
the time domain are shown in Figure 2. 

 
Figure 2. Exemplary VMPs and EMIs of Hyundai ix35 presented as a function of time. R-VMP and 
X-VMP denote the real and the imaginary impedance components, EMI denotes the electromagnetic 
interference; (a) the first standard IL1 sensor; (b) the second standard IL3 sensor; (c) the first slim 
IL2 sensor; and (d) the second slim IL4 sensor; red VMPs are obtained at a high frequency compo-
nent; blue VMPs are obtained at an intermediate value of the frequency component; black at the 
lowest frequency component, according to the operating frequencies listed in Table 1. The cyan EMI 
signal is the absolute voltage, the magenta is the average of the low-pass filter output. 

The distances between the same size IL sensors on the lane equal 1.5 m. This allows 
us to use X-VMP with IL1 and X-VMP with IL3 to measure vehicle speed. The velocity is 
next used to scale the time vector of the VMP samples to the vector of the distance traveled 
by the vehicle in that time. Then, the VMPs can be shifted into the distance domain by the 
value of the distance between the Ils. For example, the VMPs derived from IL3 may be 
shifted in the distance domain and thus superimposed on the VMPs from IL1. The IL sen-
sors are not in the same place in the lane, but the VMP can be rendered as if the IL sensors 
were on the top of each other in the same place in the lane. By resampling data in the 
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distance-domain VMPs, different data realizations for the same vehicle model passing the 
measurement testbed with different velocities can be compared. 

Exemplary VMPs of a Hyundai ix35 presented as a function of the distance traveled 
via IL sensors are shown in Figure 3. These VMPs apply to the Hyundai ix35 in unloaded 
(thick lines) and heavy load (thin dashed lines) conditions. The influence of the load on 
the extreme values in individual VMPs is clearly visible. 

 
Figure 3. Exemplary VMPs of a Hyundai ix35 presented as a function of the distance traveled; thick 
lines apply to an unloaded car; thin dashed lines refer to a vehicle loaded with a mass of 306 kg; red 
VMPs are obtained at a high frequency component; blue VMPs are obtained at an intermediate value 
of the frequency component; black at the lowest frequency component, according to the operating 
frequencies listed in Table 1. 

Different cars have different VMPs. However, the same vehicle models have a very 
similar VMPs especially when compared in the distance domain. The differences in the 
extreme values depend on the load, which is the main finding of this work. In order to 
detect the vehicles involved in the experiment, a database of reference VMPs was created 
for them.  

For automatic vehicle model detection (see Figure 1) the VMPs are normalized up to 
1 (for R-VMP) or down to −1 (for X-VMP). Next, the distances between the investigated 
and the reference VMPs are computed, e.g., the sum of squared differences. The minimum 
distance clearly indicates the greatest similarity to a given reference vehicle. 

The software of the measurement system is hybrid; depending on the task, it uses 
such programming languages as LabVIEW, Matlab, Python, C, and Bash. 
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The system can run continuously. The longest operating system time without a re-
boot is up to a month. 

3. Experiment 
The main aim of the experiment is the verification of the posed hypothesis that there 

is a relation between the load of selected vehicles and their VMPs, which can further be 
used for the estimation of the load based on the acquired VMP. 

The measurement experiment was carried out on the UST-AGH campus, where a 
testbed is located on the internal road. On a straight stretch of a road, in one lane, four IL 
sensors with the outline shown in Figure 1 are installed. The testbed is not equipped with 
any sensors for the dynamic weighing of vehicles in motion. 

Three passenger vehicles were used to conduct the experiment: Mercedes GLA200, 
Hyundai i30, and Hyundai ix35. In the experiment, each vehicle passed through IL sensors 
at a velocity between 30 km/h and 50 km/h. The driver tried to maintain a constant velocity 
while passing through the testbed with IL sensors. Every vehicle made five trips; six 
passes through the testbed per trip, including three passes in the main direction and three 
in the return direction. 

In the first series, each of the tested vehicles was loaded only with the weight of the 
driver. In the second series, the vehicles were loaded with the mass of the first passenger, 
73 kg, sitting in the front seat next to the driver. In the third series, the vehicles were loaded 
with an additional weight of 76 kg, in the form of cast iron balls distributed evenly in the 
space of the passengers’ legs. The total weight of the load was 149 kg. In the fourth series, 
another mass of 76 kg was added. The total weight of the load was then 225 kg. In the fifth 
series, another mass of 81 kg was added. The total weight of the load was then 306 kg. 

The technical data of the test cars and the weight of the driver along with the percent 
of coverage of the permissible load (M) are summarized in Table 2. 

Table 2. Technical data of the cars used in experiment and driver’s weight. 

Car Model Car Weight  
(kg) Permissible Load (kg) Driver Weight  

(kg) 
M 

(%) 
Mercedes GLA200 1320 600 85 65.1 

Hyundai i30 1193 527 68 71.2 
Hyundai ix35 1366 464 82 83.6 

Where M = (Driver weight + 306)/(Permissible load) 100%. 

In total, in the experiment, every vehicle made a total of 30 trips with different loads 
in individual series. Each trip data was documented. The output voltages in the ABB sys-
tem, car photo (see Figure A4), and passing time were recorded, and EMIs and VMPs were 
calculated. 

4. Results 
Each of the 90 trips provided VMPs from which the load parameter was calculated: 

Load parameter = mean(abs(min(mute(X-VMP, EMI)))) (1) 

where the mean function calculates the average with six values; the abs function calculates 
the absolute value; the min function finds minimal value; the mute function mutes these 
values in X-VMP samples for which the EMI level exceeds 1.5 mV and returns the muted 
X-VMP signals. The load estimation algorithm only takes X-VMPs and EMIs for slim IL 
sensors. For example, the operation of the mute function is shown in Figure 4 for disturbed 
single X-VMP. 
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Figure 4. Example operation of the mute function. The oscillations in X-VMP (dashed red line) 
caused by EMI have been effectively muted. 

Figure 5 shows the reference load as a function of the calculated load parameter for 
three passenger cars listed in the legend. 

 
Figure 5. Dependencies between a car load and the load parameter for cars listed in the legend. Dots 
represent measurements; circles stand for mean values of the measured load parameter (for a set 
car and load); and lines show the least squares fit to the mean measurements (i.e., circles). 
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Based on the least squares fitted linear function, three sets of scaling factors for the 
load measurement system were determined. The scaling factors and sensitivities are listed 
in Table 3. 

Table 3. The scaling factors (y = ax + b) of load measurement system and sensitivities. 

Car Model a (kg/Ω) b (kg) S (Ω/kg) 
Mercedes GLA200 16063.551  −1609.901 62.25 × 10−6 

Hyundai i30 6702.737  −972.612 149.2 × 10−6 
Hyundai ix35 32574.053  −2064.104 30.7 × 10−6 

Where: S—sensitivity factor, S = 1/a. 

The sensitivity of the slim IL sensor to the load mass that affects the clearance ranges 
from 30 to 150 micro ohms per kilogram for tested cars. 

The recorded VMPs were also used to verify load measurement errors. The weight 
of the load in kg was calculated for each trip. The error was defined as the difference 
between the measurement result and the reference value. The errors are presented in the 
form of a boxplot [28] in Figure 6. The maximum load measurement error does not exceed 
30 kg. Detailed results are summarized in Tables A1–A3 in Appendix B. 

 
Figure 6. Measurement load error for test cars. On each box, the central red mark indicates the me-
dian, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. 
The whiskers extend to the most extreme data points not considered outliers, and the outliers are 
plotted individually using the ‘×’ symbol [28]. 

By incorporating the mass of the driver into the mass of the vehicle, which must be 
driven through the testbed, the results for various experiments can be presented in a clear 
way. The driver’s weight and the mass of fuel, as well as the mass of additional car equip-
ment, e.g., child seats, spare wheal, fire distinguisher, etc., are taken into account in the 
offset values in the target measurement system. 

In Appendix C, we present the results of the load measurement of another passenger 
vehicle for which a simplified two-point calibration was carried out. 

The results of the load estimation were also checked for the Hyundai i30 traveling 
without additional load on other days. The weather conditions were generally different 
than on the day of the main experiment. The results of the load estimation were checked. 
The maximum error did not exceed 30 kg. 
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5. Discussion 
Conducted experiments show that VMPs from the slim IL sensors are suitable for 

vehicle mass estimation. VMPs from the standard IL sensors, having dimensions 1 m by 
2 m, give neither good nor clear results. The off-center passage of the car through the 
standard IL sensors has a large influence on the error, whereas it is negligible for slim IL 
sensors. Appendix D covers this issue in more detail. 

The proposed method uses existing testbed without any modification. Only the soft-
ware extension is required. The method is sensitive to the kind of a car suspension and 
may also be sensitive to suspension malfunction. The method is best suited to comparison 
of the same vehicle with different loads. 

The proposed load parameter is defined with the minimum value and mean value, 
and it is computationally simple. More computationally advanced load parameters were 
also investigated, e.g., involving integrals of VMPs, but obtained results turned out to be 
inferior and thus are not presented. 

As the proposed method is dedicated to a moving car, there is no way for measuring 
the car weight without a driver, as in the static measurements. In the conducted experi-
ment each test car was driven by a different person with a different weight (Table 2). The 
driver’s weight can be taken into account in the calibration process. The characteristics in 
Figure 5 will then have an offset equal to the driver’s weight. We also note that a typical 
gas tank volume is above 50 liters, what also influences overall car mass. 

The measurement method is sensitive to snow and ice covering the road. For a few 
cm of a frozen snow and ice layer, it was observed in measurements that the weight of the 
vehicle could be underestimated by tens of kg.  

The main experiment was conducted in cold, sunny weather in late autumn. How-
ever, the weather conditions, similar to temperature, are not expected to influence signif-
icantly neither car suspension nor IL sensors performance, and thus the proposed load 
parameter is considered to be robust against environmental conditions. 

The average weight of an adult human in Europe is 70.8 kg [29]. The mass of 50 liters 
of gasoline is 37.5 kg. In the proposed method, the largest error in mass measurement 
reached 30 kg, which added to the weight of a half-full tank of gasoline equals 48.75 kg. 
Diesel fuel has a higher density; therefore, 50 liters of this fuel weighs 42.5 kg. The weight 
of a half-full tank of oil added to the maximum measurement error equals 51.25 kg. Con-
sidering the above, it is safe to assume that the combined error caused by the method itself 
and an unknown tank volume does not exceed the average weight of an adult. This means 
that the estimation of the number of passengers in the car could be reliable. We also note 
that an average adult weight varies across the world and between genders, e.g., in the 
USA an average male and female weight equals 90.6 kg and 77.5 kg, respectively [30]. 
Considering also possible child passengers, some advanced classification methods should 
be applied for reliable detection of the number of passengers in the car. 

The proposed load measurement method can be used in conjunction with the stand-
ard WIM system as a part of road traffic data fusion system. Commercial application must 
be preceded by extensive quantitative testing including diverse vehicles and loads. 

6. Conclusions 
The paper shows that the inductive-loop technology can be successfully used for the 

estimation of the load of a moving passenger car, which was explained and verified by a 
field experiment. This is an additional feature for the existing system that extends its ca-
pabilities. In summary the inductive-loop sensors technology: 
1. Enables obtaining multi-frequency VMPs representing changes in the IL sensor im-

pedance component; 
2. Allows the capture of the EMI of a car drive; 
3. Allows the use of EMI to indicate and mute disturbances in the VMP; 
4. Allows for reliable identification of the car model; 
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5. For cars where the clearance depends on the load, slim IL sensors enables rough es-
timation of the load. 
Estimated load can be further interpreted as a number of passengers in the car under 

assumption of the average person’s weight. For a given car, the method can be used for 
comparing the load of a car when entering and leaving distinguished zone, e.g., city or 
country border. 

We assume that similar results could be obtained for other types of vehicles, e.g., a 
van, a pickup, truck, etc., but this still has to be tested. We also expect that the load of the 
electric cars could be estimated by the proposed method, as it is sensitive to the suspen-
sion and not the engine, but it still remains to be experimentally investigated. 

Existing WIM system are calibrated for heavy trucks and are not used for passenger 
cars as is the proposed method. 
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Abbreviations 
The following abbreviations are used in this manuscript. 

IL Inductive Loop 
ABB  Auto Balancing Bridge 
MFIM Multi-frequency Impedance Measurement 
VMP Vehicle Magnetic Profile 
R-VMP Resistance VMP 
X-VMP Reactance VMP 
EMI Electromagnetic Interference 
WIM Weigh in Motion 

Appendix A 
This Appendix shows sample VMPs of the Hyundai i30. Figure A1 shows raw VMPs 

before denoising and flat-top FIR filtering. Figure A2 shows the VMPs after the denoising 
process implemented in Matlab by the function wden with the symlet 4 wavelet. 

Finally, Figure A3 shows the VMPs after the flat-top filtration with the passband ad-
justed to the band determined by the velocity of the vehicle [25]. 
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Figure A1. VMPs and EMIs of Hyundai i30 before denoising process. The rest of the description is 
the same as in Figure 2. 
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Figure A2. VMPs and EMIs of Hyundai i30 after denoising process. The rest of the description is the 
same as in Figure 2. 
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Figure A3. VMPs and EMIs of Hyundai i30 after denoising process and low-pass filter with the flat-
top pass-band adjusted to the vehicle velocity. The rest of the description is the same as in Figure 2. 

Appendix B 
This Appendix presents the measurement results collected during the experiment 

described in the Section 3 and Appendix C for the test cars show in Figure A4, respec-
tively. 
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Figure A4. Photographs of the test cars used in experiments, along with the registration timestamp. 

Table A1. Measurement data for Hyundai i30 test car. 

Load (kg) Load Parameter (Ω) Load Estimation (kg) Error (kg) 

0 

0.144270 5.611 5.611 
0.145538 2.889 2.889 
0.144594 3.436 3.436 
0.145481 2.512 2.512 
0.144370 4.939 4.939 
0.144869 1.593 1.593 

73 

0.155279 68.185 −4.815 
0.156426 75.868 2.868 
0.154817 65.087 −7.913 
0.156938 79.305 6.305 
0.155116 67.089 −5.911 
0.156728 77.895 4.895 

149 

0.167596 150.738 1.738 
0.168864 159.236 10.236 
0.166910 146.144 −2.856 
0.167964 153.204 4.204 
0.167142 147.695 −1.305 
0.168214 154.880 5.880 

225 

0.177390 216.388 −8.612 
0.179763 232.294 7.294 
0.180187 235.136 10.136 
0.179939 233.469 8.469 
0.178145 221.444 −3.556 
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0.179561 230.936 5.936 

306 

0.189486 297.465 −8.535 
0.191468 310.747 4.747 
0.189236 295.788 −10.212 
0.190659 305.327 −0.673 
0.189484 297.449 −8.551 
0.190819 306.395 0.395 

Table A2. Measurement data for Mercedes GLA200 test car. 

Load (kg) Load Parameter (Ω) Load Estimation (kg) Error (kg) 

0 

0.100565 5.530 5.530 
0.099123 17.637 17.637 
0.099631 9.478 9.478 
0.099729 7.893 7.893 
0.099014 19.392 19.392 
0.099380 13.510 13.510 

73 

0.105506 84.892 11.892 
0.104393 67.016 −5.984 
0.103971 60.246 −12.754 
0.104086 62.083 −10.917 
0.105381 82.891 9.891 
0.104765 72.992 −0.008 

149 

0.109545 149.783 0.783 
0.109004 141.084 −7.916 
0.108925 139.813 −9.187 
0.108783 137.538 −11.462 
0.110233 160.830 11.830 
0.108953 140.266 −8.734 

225 

0.114997 237.358 12.358 
0.113949 220.524 −4.476 
0.114803 234.240 9.240 
0.114319 226.462 1.462 
0.114965 236.839 11.839 
0.113899 219.715 −5.285 

306 

0.120755 329.861 23.861 
0.118507 293.734 −12.266 
0.118558 294.558 −11.442 
0.118296 290.356 −15.644 
0.117915 284.230 −21.770 
0.117873 283.564 −22.436 
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Table A3. Measurement data for Hyundai ix35 test car. 

Load (kg) Load Parameter (Ω) Load Estimation (kg) Error (kg) 

0 

0.063210 5.085 5.085 
0.063293 2.389 2.389 
0.063582 7.006 7.006 
0.062971 12.878 12.878 
0.063192 5.682 5.682 
0.062587 25.394 25.394 

73 

0.065571 71.794 −1.206 
0.065081 55.840 −17.160 
0.066163 91.100 18.100 
0.065477 68.760 −4.240 
0.066240 93.601 20.601 
0.065437 67.431 −5.569 

149 

0.068783 176.449 27.449 
0.067600 137.907 −11.093 
0.068750 175.376 26.376 
0.067958 149.564 0.564 
0.068341 162.054 13.054 
0.068087 153.771 4.771 

225 

0.070670 237.902 12.902 
0.070260 224.564 −0.436 
0.071073 251.033 26.033 
0.070135 220.461 −4.539 
0.070546 233.854 8.854 
0.069880 212.179 −12.821 

306 

0.072971 312.860 6.860 
0.072207 287.957 −18.043 
0.072357 292.862 −13.138 
0.071873 277.098 −28.902 
0.072712 304.434 −1.566 
0.072251 289.414 −16.586 

Appendix C 
In addition to the experiment described in Section 3, other measurements were car-

ried out for a three-door Volkswagen Polo (weight 1139 kg, permissible load 511). This 
time the calibration of the system was conducted only on the basis of two test trips. The 
first trip was made with unloaded car (driver’s weight 75 kg). The second trip took place 
with a car with three passengers with a total weight of approximately 238 kg. Based on 
only two trips, the determined scaling factors (a = 8155.154 kg/Ω, b = −1084.358 kg) were 
applied to the system. More test trips were also made with this car with a passenger 
weighing 66 kg, as well as other passengers weighing a total of 148 kg. The results are 
summarized in Figures A5 and A6 and Table A4. It should be noted that this simplified 
experiment yielded load measurement results with an error of less than 20 kg. 
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Figure A5. Dependencies between a car load and the load parameter for a three-door Volkswagen 
Polo. Dots represent measurements; circles stand for chosen to calibrate values of the measured load 
parameter (for a car and load); and line show the least squares fit to the chosen measurements (i.e., 
circles). 

 
Figure A6. Load measurement error for a three-door Volkswagen Polo. For details see the caption 
of Figure 6. 
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Table A4. Measurement data for Volkswagen Polo 3d test car. 

Load (kg) Load Parameter (Ω) Load Estimation (kg) Error (kg) 

0 

0.130616 19.165 19.165 
0.132966 0.002 0.002 
0.131179 14.572 14.572 
0.134374 11.481 11.481 
0.130998 16.050 16.050 
0.131325 13.379 13.379 

66 

0.139821 55.904 −10.096 
0.142186 75.188 9.188 
0.140156 58.635 −7.365 
0.142456 77.396 11.396 
0.141281 67.811 1.811 
0.143049 82.227 16.227 

148 

0.150196 140.516 −7.484 
0.151358 149.991 1.991 
0.151648 152.354 4.354 
0.151496 151.116 3.116 
0.150206 140.594 −7.406 
0.151874 154.196 6.196 

238 

0.161203 230.275 −7.725 
0.162150 237.999 −0.001 
0.161826 235.355 −2.645 
0.162653 242.100 4.100 
0.161291 230.992 −7.008 
0.163910 252.356 14.356 

Appendix D 
The experiment described in Section 3 yielded numerous VMPs. VMPs analyzes 

showed that wide IL sensors do not allow to calculate the parameter well-correlated with 
the load. 

Figure A7a shows an example X-VMPs obtained from the IL1 wide sensor for the 
center frequency (Table 1, f2) for all 30 trips of the Hyundai ix35 test car. The X-VMPs 
obtained with the same load were drawn in the same color. The meaning of colors is ex-
plained in the caption of Figure A7. The conclusion is that wide IL sensors (1 m by 2 m) 
do not allow estimating the load of the vehicle. 

For comparison, Figure A7b shows the X-VMP obtained with the slim IL2 sensor at 
the center frequency (Table 1, f2) for all 30 trips of the same test car. 
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Figure A7. X-VMPs for the Hyundai ix35 test car obtained at the center excitation frequency (see 
Table 1, f2), the X-VMPs of red color are for unloaded test car, green for 73 kg load, blue 149 kg, 
magenta 225 kg and black for 306 kg load, (a) for a wide sensor (1 m by 2 m); (b) for a narrow sensor 
(0.1 m by 3.2 m). 
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