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Abstract 

Analyzing traffic data collected under varying conditions requires the categorization of vehicle types. One 

significant issue is that the vast majority of sensors used in vehicle classification systems are unable to detect 

a lifted axle, often leading to incorrect vehicle categorization. This article recommends utilizing a multi-frequency 

inductive loop (IL) impedance measurement (MFILIM) system for measuring vehicle inter-axle distances, also in 

the case of lifted axles. Two slim IL sensors and two wide IL sensors are utilized in the proposed MFILIM system. 

The vehicle's speed and inter-axle distances are evaluated using the vehicle magnetic profile (VMP) waveforms, 

which are derived from the IL impedance measurements taken simultaneously at three carrier frequencies for 

a single IL sensor. The potential of the proposed method was validated through a laboratory test-bed (LTB) 

equipped with IL sensor models and vehicle models constructed at a 1:50 scale. Additionally, validation was 

conducted under real traffic conditions using a road test-bed installed adjacent to a commercial weigh-in-motion 

(WIM) system. The results obtained from several different test vehicles, which passed through the measuring 

stations multiple times during the experiment, were selected for analysis. The analysis indicated that the MFILIM 

system outperformed the commercial WIM station by yielding smaller errors in determining inter-axle distances. 

Additionally, it successfully detected a lifted axle in every instance and accurately determined its distance from 

adjacent axles. 

Keywords: multi-frequency impedance, vehicle magnetic profile, inductive loop, Weight-in-Motion (WIM) 

system, wheelbase, intelligent transportation system (ITS), inter-axle distance, lifted axle, speed measurement, 

vehicle classification. 

1. Introduction 

From the perspective of traffic management systems, one of the fundamental data is the 

vehicle category. In Europe, the COST323 classification is primarily employed [1], while in 

the United States, the FHWA [2]. Additionally, other vehicle classifications may be adopted to 

address specific issues or measurement methods [3]. 

Every vehicle classification is based on the measurement of characteristic parameters of 

passing vehicles. The specific parameters depend primarily on the chosen measurement 

method. In [4], an overview of the most commonly used measurement methods is presented, 

dividing them into sensor-based and image-based. A comprehensive overview of vehicle 

classification methods can be found in [5]. In the vast majority of classifications involving 

multiple vehicle categories, both the number of axles and the distances between them are taken 

into account. The distance between axles is an absolutely crucial information in Weigh-In-
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Motion (WIM) systems. Depending on this distance, adjacent axles will be classified as single 

or multiple axles, which directly affects their maximum permissible load. The inter-axle 

distance is also one of the key parameters in many systems that are used to guarantee bridge 

safety [6-8]. An additional challenge in the classification of heavy vehicles is the detection of a 

lifted axle. Axles can be lifted automatically or at the driver's discretion [9]. Failure to detect a 

lifted axle will result in incorrect classification. A Category 3 truck according to COST323 [1] 

will be classified as Category 2, while a Category 5 semi-truck will be classified as Category 4. 

Although various sensors are used for vehicle classification, inductive loops (IL) dominate 

in Europe. The IL sensors function based on the principle that a metallic object, such as 

a vehicle, disrupts the electromagnetic field generated by the induction loop embedded in the 

roadway. When a vehicle passes over or halts above the IL sensor, phenomena such as eddy 

currents, electromagnetic coupling, and ferromagnetic interactions within the vehicle's structure 

result in measurable changes in the sensor's impedance [10-17]. Compared to other types of 

sensors, the IL sensors are relatively inexpensive and durable [10, 11]. Initially, IL sensors were 

only used to detect the presence of a vehicle in the traffic lane and to measure its speed [12]. 

However, a set of IL sensors is capable of providing much more data by analyzing the vehicle 

magnetic profile (VMP), such as the number of axles [10] and the distance between them [13], 

the total length of the vehicle [14, 15], the length of overhangs or even the suspension height 

[16]. IL sensors that utilize the multi-frequency impedance measurement method provide both 

the resistance (R-VMP) and reactance (X-VMP) components of VMP [17-21]. The 

simultaneous measurement of impedance at multiple frequencies enhances immunity against 

electromagnetic interference (EMI) [13, 22]. 

Most VMP-based vehicle classification systems use typical IL sensors that are 1-2 m long 

[23]. In contrast, the proposed system consists of two wide IL sensors (1 m by 2 m) and two 

slim ones (0.1 m by 3.2 m), arranged alternately one behind the other at intervals of 0.2 m. Each 

IL sensor utilizes three different measurement frequencies; thus, it generates three R-VMP and 

three X-VMP signals [20].  

The research presented in this paper was conducted both in the field, under real traffic 

conditions, and in the laboratory. In the field, the system was installed on a national road in 

Poland, adjacent to an operational Class B+(7) WIM station [1], which allowed for additional 

comparative analyses. In the laboratory, tests were conducted on a purpose-built test station at 

a scale of 1:50 in a fully controlled environment, enabling the assessment of the theoretical 

potential of the method for determining both the speed of the vehicle and the distance between 

its axles. The conducted research demonstrated that supplementing the WIM system sensors 

with slim IL sensors, along with the proposed multi-frequency inductive loop impedance 

measurement (MFILIM) system, is an effective solution for addressing the issue of detecting 

lifted axles in WIM systems. This approach also enables accurate measurement of the distance 

between axles, providing a reliable input for vehicle classification. With the implementation of 

MFILIM, misclassifications are prevented for vehicles operating with a lifted axle. 

The paper is organized as follows: Section 2 outlines the materials and methods, Section 3 

presents the results, Section 4 contains the discussion, and Section 5 concludes with a summary 

of the findings. 

2. Materials and methods 

2.1. Road side measurement systems 

The road side testing station is located on the national road DK44 in the city of Mikołów 

(50°13'05.8"N 18°49'56.6"E). On the specified road segment, the permissible speed for 

passenger vehicles is 70 km/h, while for heavy vehicles, it is 50 km/h. The average daily traffic 
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volume ranges around 8,000 vehicles per day, with heavy vehicles accounting for 12% of this 

volume. The layout of the MFILIM and WIM system is presented in Fig. 1. As part of the 

MFILIM measurement station, four IL sensors were installed in the road: two wide IL sensors 

measuring 1 m by 2 m (IL1 and IL3), and two slim IL sensors measuring 0.1 m by 3.2 m (IL2 

and IL4), where the first dimension in each case corresponds to the direction of vehicle flow. 

The difference in lateral dimensions between the wide (2 m) and slim (3.2 m) sensors results 

from the varying ranges of their electromagnetic fields. Specifically, the wide sensors (IL1 and 

IL3) have a larger detection area and are primarily used for vehicle detection and speed 

measurement, whereas the slim sensors (IL2 and IL4) have a smaller detection area, focus on 

axle (wheels) detection and therefore they must cover the entire width of the lane. 

Importantly, two WIM stations are operating on the respective road segment. The first is 

a commercial station, consisting of a IL sensor (WIM L) and four strain gauge load cell sensors 

(WIM S1-S4). The second WIM station, part of an R&D project, includes two IL (WIM IL1 

and WIM IL2) and four strain gauge load cell sensors (WIM IS1-IS4). Each IL sensor in the 

WIM station measures 1 m by 2.8 m, while the strain gauge load cell sensors, manufactured by 

Intercomp [24], have a length of 1.75 m. 

 

 

Fig. 1. Layout of the proposed MFILIM (blue), Intercomp commercial WIM system (green), and R&D WIM 

system (orange). Dimensions are shown in meters. 

The commercial WIM stations achieve a measurement accuracy of B+(7) as defined by the 

COST323 specification [1]. According to this class, the Inter-axle distance confidence interval 

is ±3%. 

In May 2023, the commercial WIM station underwent a calibration procedure in accordance 

with the requirements set by the road administrator. During the calibration process, three types 

of heavy vehicles were used: a 2-axle truck, a 3-axle truck, and a 2-axle tractor with a 3-axle 

semi-trailer. Each vehicle passed over the WIM station 10 times as part of the verification runs. 

The measurement error for inter-axle distance is presented in Fig. 2. The smallest error variation 

was achieved for the 2-axle truck, with measurement error not exceeding 1%. In contrast, for 

axle spacing measurements of the 2-axle and 3-axle vehicles, the error was significantly larger, 

although it remained within the range of ±3%. 
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Fig. 2. Inter-axle distance error of commercial WIM station while calibration in May 2023. The median is 

represented by a red line, while the 25th and 75th percentiles are indicated by blue lines at the bottom and top of 

a box, respectively. The highest and lowest data points are shown by black whiskers. 

2.2. Multi-frequency inductive loop impedance measurement (MFILIM) system 

Fig. 3 depicts the proposed MFILIM system, which operates with four IL sensors that 

provide input signals to the auto balancing bridge (ABB), serving as the analog front end for 

the digital section of the system [22]. The measuring current is generated using 4 digital-to-

analog converters (DAC), which supply input signals to the ABBs. The output voltages of the 

ABBs are measured by 8 analog-to-digital converters (ADC). The MFILIM system is 

implemented on a PXI platform and operates synchronously. 

 

 

Fig. 3. Block diagram of MFILIM system, where DAC - digital to analog converter, ADC - analog to digital 

converter, ABB – auto balancing bridge, VVM - vector voltmeter, Rr – reference resistor, Vx and Vr – ABB 

output voltages, E – excitation voltage. 

The software continuously runs on the FPGA (NI PXI-7853R series). A direct digital 

synthesizer (DDS) generates multi-frequency signals that, through ABBs, excite the current in 

each IL sensor. The DDS works with fs=400 kHz sampling frequency. An excitation signal for 

a single IL sensor has the form: 

 𝐸𝑙[𝑛] = ∑ 𝐴𝑘𝑠𝑖𝑛(𝜔𝑘𝑛 + 𝜑𝑘)
𝐾=3𝑙
𝑘=3𝑙−2  (1) 

where 𝑙 = 1,… , 4 is a number of IL sensor, 𝜔k = 2π𝐹𝑘/𝑓𝑠 is the normalized pulsation in 

radians of the discrete-time signal, 𝐴𝑘 is the amplitude, 𝐹𝑘 is the frequency in Hz, 𝜑k is the 

phase angle in radians selected to achieve the minimum value of the Crest Factor [17], the lower 

index k refers to the k-th frequency component of the excitation signal, and n denotes the sample 

number. 

The E[n] signal is converted into voltage using DAC and a low-pass RC filter in the analog 

part (ABB). The list of frequencies used in the individual processing channels is listed 

in Table 1. 
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Table 1. The values of measurement frequencies used in the MFILIM system. 

Given physical channel Dedicated frequency channel k 
Frequency Fk (kHz) 

low medium high 

#1: for the 1st wide IL1 sensor 1, 2, 3 10 18 27 

#2: for the 2nd wide IL3 sensor 4, 5, 6 13 21 28 

#3: for the 1st slim IL2 sensor 7, 8, 9 6 15 22 

#4: for the 2nd slim IL4 sensor 10, 11, 12 7 16 24 

 

The complex-valued voltages at the output of ABB are computed by a vector voltmeter 

(VVM) [20]. The VMPs are computed from complex voltages measured in the proposed 

MFILIM system. Signal flow is explained in Fig. 3. Complex-value voltages 𝑉𝑥[𝑛] and 𝑉𝑟[𝑛], 
directly recorded by ADCs, are discrete-time versions of continuous-time counterparts Vx(t) and 

Vr(t). Signals 𝑉𝑥[𝑛] and 𝑉𝑟[𝑛] are demodulated simultaneously for all excitation pulsations 𝜔𝑘 

using the flat-top bandpass Hilbert transformers (FTBPHT) implemented as FIR filters [25]. 

ADCs operate synchronously with the DDS. The VVM operates similarly to the multi-

frequency Lock-in Amplifier [19]. The voltages 𝑉𝑥[𝑛] and 𝑉𝑟[𝑛] are intentionally oversampled 

with 400 kHz sampling rate for better amplitude resolution and higher noise immunity. The 

outputs of the VVM are next downsampled to 1 kHz sampling rate. Obtained 1 ms resolution 

of time waveforms was verified to be sufficient from the point of view of locating the axle in 

the vehicle body. 

The impedance measurements are taken simultaneously on all 12 excitation frequencies. For 

every excitation frequency, VVM provides a complex value signal at a rate of 1 kS/s, and 

impedance signals are calculated at the same rate. The MFILIM system operates on 12 

frequencies (see Table 1) and outputs 12 impedance signals simultaneously, which corresponds 

to 3 measurements for each of the 4 sensors. The intentionally introduced measurement 

redundancy is designed to enable accurate measurement of vehicle speed and inter-axle distance 

even in the presence of EMI. 

The reliability of the multi-frequency system is superior to that of the single-frequency 

system because, if the impedance signal at a given frequency is disturbed, the algorithm can 

detect this and rely on the undistorted signals. Importantly, the proposed method retains the 

information regarding the real part of the IL sensor's impedance, which is uncommon in other 

existing IL-based systems. The hardware components used to build the MFILIM system are 

listed in [20]. 

2.3. Computation of VMP 

The change in the impedance signal, ∆Zk[n] = Zk [n] - Zk
offset, is continuously monitored. If 

the sum of the moduli of ∆Zk[n] exceeds a predefined threshold of 1 Ω, a vehicle is detected, 

and the measurement data are stored in a file along with some data collected before exceeding 

the threshold (pre-trigger) and after the threshold is lowered (post-trigger). The extraction of 

a VMP is a process that involves analyzing the changes in resistance and reactance parameters 

(∆Rk and ∆Xk) caused by a moving vehicle. The Rk and Xk signals are adjusted by a constant 

offset equal to the nominal resistance and reactance, which is computed as a baseline level 

before the vehicle's presence, derived from the pre-trigger portion of the impedance signal. This 

offset is then subtracted from the R-VMP and X-VMP signals.  

An example of time-domain signals recorded by road-installed sensors (see Fig. 1) for a 5-

axle truck with its third axle lifted is shown in Fig. 4.  
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2.4. Vehicle speed measurement 

Vehicle speed is calculated based on the median time shift between X-VMPs from the IL1 

sensor and X-VMPs from the IL3 sensor, which are mounted 1.5 meters apart. The use of X-

VMPs is preferred due to their higher EMI immunity compared to R-VMPs. The time shift is 

determined by identifying the maximum value of the cross-correlation of the VMPs, following 

the normalization of each VMP by its absolute maximum value. Alternatively, the time shift 

can be calculated using the discrete Fourier transform (DFT) based algorithm, which provides 

fractional shift estimation and reduced computational complexity [26]. 

2.5. VMP representation in distance domain  

The known distance between sensors and the speed of the vehicle are used to represent the 

VMP as a function of the distance traveled by the vehicle, rather than as a function of time, 

which is how it is typically measured. For this purpose, the adopted resolution for the distance 

axis is 1 cm. Subsequently, the respective VMPs from all IL sensors are adjusted by a distance 

equal to the appropriate mounting distances to the IL2 sensor (see Fig. 1). This process leads to 

VMP synchronization in the distance domain. 
 

 

Fig. 4. Exemplary extracted data of road side measurement system: (a) vehicle photograph from AMPR camera; 

(b) signals from WIM system; (c) signals from MFILIM system, where R-, and X- denote resistance and 

reactance components VMP, respectively. Red, blue, and black lines represent the VMPs for the highest, middle, 

and lowest frequencies (Table 1), respectively. 

2.6. Axle detection using R-VMP and X-VMP of slim IL sensors 

The representation of VMPs as a function of distance allows for the analysis of artifact 

positions caused by the axles of a passing vehicle, thereby allowing the determination of the 

distances between them. As shown in Fig. 4c, using slim sensors (IL2 and IL4), six R-VMP and 

six X-VMP are obtained. In the distance domain, the signals from the IL4 sensor are 

synchronized with the signals from the IL2 sensor. Axle detection is performed using 

Algorithm 1, which extracts and enhances axle information from VMPs obtained via the slim 

IL sensors. First, the mean signals R_VMP_mean and X_VMP_mean are calculated by 
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averaging the six normalized signals. The algorithm then identifies the minimum value in the 

X_VMP_mean vector and assigns its index to the variable k, while the corresponding value from 

R_VMP_mean is assigned to r. A gain factor is computed as the ratio of the absolute value of 

x to r. The next step involves calculating the vector K, which is a linear combination of 

R_VMP_mean and X_VMP_mean, scaled by the gain factor. This vector is then normalized to 

obtain the AxleEn signal, which represents the spiking axle signal. 

 
Algorithm 1. Extracting axle signal using VMPs of slim IL sensors. 

Input: R_VMP_mean = mean(normalized_slim_IL_R_VMP) 

Input: X_VMP_mean = mean(normalized_slim_IL_X_VMP) 

[x,k] = min(X_VMP_mean) 

r = R_VMP_mean (k) 

gain = abs(x)/r 

K = gain · R_VMP_mean + X_VMP_mean 

AxleEn = K/max(K) 

Comp = comparator(AxleEn) 

Axle = mute(AxleEn, Comp) 

Output: Axle 

 

The signal is passed through a comparator, which provides a logical output. Finally, this 

logical output is used to mute the AxleEn signal, resulting in the final axle signal, Axle, which 

is the algorithm’s output. The detection of vehicle axles in the enhanced AxleEn signal is 

implemented by means of a software comparator with an adjusted comparison level. The Comp 

signal allows to mute artifacts from chassis components other than axles. Sample indexes of the 

maximum values found in the Axle signal are used in consecutive order to calculate the distance 

between axles. Exemplary signals converted to the distance domain are presented in Fig. 5, 

along with the extracted axle signal and detected axle locations [27]. The negative distances 

result from the reference system, where the origin is set at the center of the sensor and aligned 

with the center of the vehicle's side silhouette. The third axle of the truck, which is lifted and 

does not exert any contact force on the WIM S1/S2 sensors, is successfully detected using the 

slim IL sensors. 

 

Fig. 5. Exemplary signals in distance-domain: top: WIM IS1/IS2 signal, bottom: normalized mean slim IL sensor 

R_VMP_mean and X_VMP_mean, and extracted Axle signal [27], and peaks location detected (see Algorithm 1). 
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2.1. Laboratory test-bed (LTB) 

A dedicated laboratory test-bed (LTB) was constructed to evaluate the potential of the 

MFILIM method [27]. A conceptual diagram, including its components, is shown in Fig. 6a. 

During testing, the vehicle model moves at a certain speed around a circle with a fixed radius. 

During each lap, it passes through an IL sensor area. The IL sensor area comprises a set of four 

IL sensors arranged as illustrated in Fig. 6b. The unique design of the vehicle model (Fig. 6c) 

also facilitates EMI generation during the simulated operation of the vehicle's engine. The 

vehicle model and IL sensors are constructed at a 1:50 scale. 

 

 

Fig. 6. Laboratory test-bed: (a) schematic diagram, (b) model of IL sensors (dimensions in mm), (c) a top-view 

of a vehicle silhouette for analysis, and two-axle physical vehicle model. 

The laboratory test bed consists of a motor, planetary gear, encoder, and a programmable 

controller. The rotational velocity is regulated based on the encoder signal. The arm can be 

rotated at a specified rotational velocity for a predetermined number of laps. The EMI coil in 

the vehicle model is powered by a rotary connector mounted on the motor axle. The parameters 

of the drive system are specified in [27]. This design of the drive system allows to precisely 

control the rotational speed and, consequently, the speed component of the vehicle model which 

is tangential to the lane of the vehicle's motion. The uncertainty in determining the tangential 

speed is 0.5 % within the speed range, which corresponds to its real-world counterpart, from 

10 km/h to 120 km/h. 

2.2. Test Setup and Data Collection 

In the LTB tests, the passenger vehicle model was under investigation, while at the road 

testing station, different types of vehicles were registered. Field measurements were carried out 

between 6-26.11.2024, resulting in a total of 140,000 recordings. For further analysis, vehicles 

of different categories were selected, which repeatedly passed through the test station during 

the measurement period. These were: a passenger car, a minibus, a city bus, a 3-axle truck, and 

a set - tractor + semi-trailer. The vehicles were identified on the basis of license plate numbers 

are read by an Automatic Number Plate Recognition (ANPR) camera. The brands of the test 

vehicles were identified based on images from the overview camera, which allowed specific 

axle distance values to be retrieved from manufacturer catalog data. A list of test vehicles, along 

with their inter-axle distances and the number of completed measurements, is summarized in 

Table 2. The adopted designations for the inter-axle distance of multi-axle vehicles, taking into 

account the possibility of lifting the third axle - the first axle of the semi-trailer, are shown in 

Fig. 7. 
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Fig. 7. Designations of inter-axle distance of a multi-axle vehicle including lifted axle 3 [1]. 

Table 2. Test vehicles, nominal axle spacing, and number of measurements taken. 

No Vehicle 
AA12 

[cm] 

AA23 

[cm] 

AA34 

[cm] 

AA45  

[cm] 

No of 

meas. 

1 Laboratory model (LTB) 295 - - - 252 

2 SUV (Skoda KODIAQ) 279 - - - 40 

3 Bus 1 (BMC PROCITY) 585 - - - 115 

4 Bus 2 (MAN TGE 5.180) 449.1 - - - 117 

5 
Truck 1 (MAN Faun Rotopress) –  

3-axle 
387.5 131 - - 16 

6 
Truck 2 (Renault T HC 480 + semi-

trailer) – 5-axle 
360 600 131 131 10 

7 
Truck 2 (Renault T HC 480 + semi-

trailer) – 4-axle (lifted axle no. 3) 
360 AA24 = 731 cm 131 13 

 

In further discussion, we refer to the relative percentage difference error, defined as: 

 𝐸 =
𝑥−𝑟

𝑟
∙ 100(%) (2) 

where: x is a result of a single measurement, and r is a reference (nominal) value. 

The MFILIM system detects all axles of a vehicle and is capable of indicating a lifted axle 

by analyzing the peak height in the Axle signal. In this case, the detection was additionally 

supported by a comparison of the results from WIM IS1/IS2 sensors and the MFILIM system, 

along with a visual inspection based on the recorded image (Fig. 4a). 

3. Results 

3.1. LTB results 

The tests carried out on the LTB served primarily to confirm the effectiveness of the 

MFILIM measurement method describe in Section 2.2. A total of 252 model runs were 

conducted at various speeds ranging from 10 to 120 km/h. Vehicle speed and inter-axle 

distance were determined for each pass. Accurate measurement of speed is crucial for 

determining the axle distance accurately because it is the second component, apart from the 

distance between sensors, required to calculate the inter-axle distance. The box plot in Fig. 8a 

shows the variation of speed measurement errors, while the graph in Fig. 8b shows the 

variation of errors in detecting the distance between the axles. 

According to the requirements of COST323 [1], the error in the determination of speed 

(above 30 km/h) and vehicle inter-axle distance for WIM Class A (5) stations must be within 

±2%. The measurement errors obtained in laboratory tests on the LTB are significantly lower 

than these limits. Indeed, according to the graphs in Fig. 8a and 8b, they are within ±0.3% and 

±0.7%, respectively, for the entire range of speeds analyzed. For speeds up to 100 km/h, the 

error ranges are even noticeably smaller. This is important because measuring stations are 
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usually placed on road sections with certain speed limits. In conclusion, the results obtained on 

LTB should be considered promising. 

 

 

Fig. 8. Errors determined on LTB for (a) speed, (b) inter-axle distance of the vehicle model. Red plus (+) 

markers denote outliers. 

3.2. Road testing station results 

Laboratory testing was performed under strictly controlled conditions. To assess the 

effectiveness of the proposed method in typical traffic scenarios, measurements were taken at 

the road testing station. As a first step, a validation of the speed measurement was carried out 

by comparing the results obtained from the MFILIM measurement station and the WIM station. 

Fig. 9a shows the variation of the relative differences of the test vehicle speed measurements 

made by the two stations. A summary box plot of the variation of speed determination errors 

for all measurements obtained at LTB is also added for comparison. The vehicle designations 

are consistent with those listed in Table 2, in which case the fact that the axle was lifted/lowered 

in truck 2 is irrelevant. 

 

 

Fig. 9. (a) Relative percentage differences in speed measurements taken by the proposed MFILIM, and reference 

WIM stations and the summed box plot for the results obtained at LTB, (b) Variability of inter-axle distance 

determination errors for 2-axle vehicles. 

The field measurements presented in Fig. 9a, in relation to the WIM station, are worse than 

those obtained under laboratory conditions. The speed measurement error of the WIM station 

is ±3%. Additionally, the speed is measured by both the MFILIM system and the WIM station 

at slightly different locations on the road, as illustrated in Fig. 1. Any potential changes in 

vehicle speed during measurement introduce further error. Nevertheless, the speed 

measurements obtained from the proposed MFILIM system and the commercial WIM station 

show good agreement, with the maximum relative percentage difference ranging from -2% to 

4%. The results in Fig. 9 confirm the consistency of the proposed MFILIM system; however, 

determining its accuracy would require a high-accuracy method, such as road radar, which was 

not available at the time of the experiment. 
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For the error analysis of inter-axle distance determination, the measurement results obtained 

from both the MFILIM and WIM systems were used. This approach allowed for a direct 

assessment of the measurement quality from MFILIM in comparison to the commercial WIM 

system. The graphs in Fig. 9b show the variation of inter-axle distance determination errors for 

2-axle vehicles. Two box plots were created for each vehicle: one representing the 

measurements taken by WIM and the other by MFILIM. In addition, a summary box plot for 

all measurements obtained at LTB was also added. 

The variation of the errors of determining the inter-axle distance by the two systems under 

consideration for a 3-axle vehicle is presented in the graph in Fig. 10a, and for a 5-axle vehicle 

in the graph in Fig. 10b. In the latter case, the passes of the 5-axle vehicle with both the lifted 

and lowered 3rd axle are included. Since the WIM system does not detect a lifted axle, it only 

determines the AA24 distance for such a vehicle configuration. The MFILIM system recorded 

the lifted axle in each case. Therefore, for comparison purposes, distance AA24 for the MFILIM 

system was calculated as the sum of distances AA23 and AA34. 

 

 

Fig. 10. (a) Inter-axle distance determination errors for a 3-axle vehicle. 

(b) Inter-axle distance determination errors for a 5-axle vehicle. 

 

Table 3 provides basic descriptive statistics of inter-axle distance determination errors for 

both systems. The statistics include all measurements without distinguishing between vehicles 

and individual axles. Analysis of these data also indicates less variability in the errors of 

measurements obtained using MFILIM. 

Table 3. Basic descriptive statistics for inter-axle distance determination errors. 

 Average Median Std Minimum Maximum 

WIM (%) 0 0 1.07 -4.54 5 

MFILIM (%) 0 -0.02 0.57 -2.40 2.7 

 

As expected, the variability of errors in determining the axle distance under traffic conditions 

is greater than under laboratory conditions. At the same time, analysis of the graphs in Fig. 9, 

10 and Table 3 indicates that the proposed MFILIM system outperforms the commercial WIM 

system. For the most part, the errors for MFILIM are within ±2%, thus meeting the most 

stringent requirements for WIM class A(5) stations [1]. 

4. Discussion 

The laboratory and traffic tests of the MFILIM system presented in this paper have verified 

its potential for determining inter-axle distance, including lifted axles. The variability of 

measurement errors, both in terms of vehicle speed and axle spacing, obtained on the LTB for 
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a wide range of speeds, remains at a very low level, definitely less than ±1%. It can therefore 

be assumed that the method will also be useful in real traffic conditions. 

In traffic conditions, many factors that interfere with the measurement must be taken into 

account. These include aspects such as the quality of the pavement in the area of the testing 

station (unevenness, ruts, cracks), weather conditions (wind, precipitation, pavement 

condition), and the dynamics of vehicle passage (change in speed and direction of passage, 

variation of forces in the vehicle's suspension, location of passage through the sensors). So, in 

order to confirm the conclusions of the laboratory testing, the MFILIM system was tested at the 

road side testing station located right next to the existing WIM station. This approach allowed 

a direct comparison of the results obtained from MFILIM with the commercial WIM system, 

which has been in operation for years. 

In terms of speed measurement, validation was carried out by determining the variability of 

the difference in measurements taken by the MFILIM system and the WIM station. For all five 

vehicle categories tested the differences were within ±4%. Given that the permissible speed 

measurement error for the WIM station is ±3%, this result should be considered fully 

satisfactory. 

In this paper, the primary focus is on the potential application of the MFILIM system to 

measure the inter-axle distance of vehicles, including scenarios where one of the axles is lifted. 

Detecting a lifted axle and determining its distance from other axles can be critical in 

categorizing vehicles. By identifying the brands of the test vehicles, specific values for their 

axle distance were obtained from catalog data. This, in turn, allowed an analysis of error 

variability to be performed separately for the MFILIM system and the WIM system. As can be 

seen from the results presented in Section 3, the error variability for the proposed MFILIM 

system is not only lower than for the compared commercial WIM system, but it also meets the 

most stringent requirements of COST 323 [1]. It is very important that the lifted axles were 

detected in all cases. Additionally, it was not observed that the lifted axles significantly 

impacted the measurements of their distance from the adjacent axles. 

 In the final system, to enhance accuracy and increase the system's independence from 

variations in vehicle speed, the slim IL sensors should be positioned closer to the load-cell 

sensors. The space between the load-cell sensors can be used for this purpose. 

5. Conclusions 

The paper introduces the design fundamentals and application of the proposed MFILIM 

system. A laboratory and road test-beds equipped with the MFILIM system are investigated. 

Tests conducted on the LTB, over a wide range of speeds, related to the measurement of driving 

speed and axle spacing yielded highly promising results. Under real traffic conditions, the 

validation of the MFILIM system for speed measurement was carried out by comparing the 

results with those obtained from a nearby WIM station. Validation was carried out for five 

vehicle categories. Subsequent analyses involved comparing the variability of inter-axle 

distance determination errors. The results indicate that the proposed MFILIM system has higher 

accuracy than the commercial WIM system. What is particularly noteworthy is that the 

MFILIM system, unlike the WIM system, detects lifted axles and accurately calculates the 

distances between them and adjacent axles. The research and analysis carried out confirms the 

usefulness and significant potential of MFILIM-based systems in various road tests, including 

those related to vehicle categorization.  

The MFILIM system not only enhances vehicle classification efficiency by detecting a lifted 

axle, but it also allows for the independent measurement of the real part of the impedance. This 

capability is crucial for monitoring and identifying deteriorating or poor contact conditions in 

the IL sensor circuit. It is important to note that commonly used LC generator-based systems, 

even when operating under poor wire contact conditions, can still detect vehicles and generate 
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a magnetic profile. However, these profiles may include additional artifacts that can adversely 

impact profile-based classification. The authors intend to continue work related to the 

development and implementation of MFILIM systems. In particular, new research 

opportunities will arise from integrating the MFILIM and WIM systems located at a single 

location [28-31]. 
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