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An Implementation of Automatic Inductive-Loop
Vehicle Sensor Using Low-Cost Microcontroller

Paween Khoenkaw
Digital Technology Innovation Program
Faculty of Science, Maejo University
Chiang Mai, Thailand
paween_k@gmaejo.mju.ac.th

Abstract— This paper presents a vehicle sensor circuit. This
circuit is based on inductive-loop as a resonant circuit. The
signal from this circuit is capture on a low-cost microcontroller
with a low-speed build on ADC. This automatic calibration
algorithm is based on k-mean clustering. The experimental
results showed 100% accuracy detecting the subcompact car.

Keywords—Vehicle Sensor, Inductive-Loop, Resonant

Circuit, Digital Signal Processing, Magnetic Signature

I. INTRODUCTION

Vehicle sensor is a device used to detect the presence of a
vehicle, such as a car and truck. This device is a crucial
component for modern traffic management and parking lot
management. There are many technologies have been used in
this application such as radar, infrared, video image
processing and inductive loop detector.

Today, the most widely used vehicle detection technology
is inductive loop detector. This technology is operating based
on 3 components, oscillator, inductive loop, and the signal
comparator.

The oscillator is an electronic circuit that produces a
periodic signal, a square wave ranging from 10 kHz to 200
kHz is widely used in this application

The inductive loop is an inductor created by a coil of
insulated conducting wire that produced the electrical
inductance ranging from 100uH to 700pH. This component
also called detector loop since it acts as a vehicle detecting
probe. The electrical inductance value will be change if the
metal is present over the coil, this effect is also equivalence to
changing the resistance in AC circuit and its resonant
frequency. The capacitor is connected to this loop wire to tune
the resonant frequency. The LC resonant circuit or Tank
circuit is commonly used.

The signal analyzer is a circuit that used to compare the
signal from the oscillator with the predefined on to determine
that the vehicle is present on a detector loop or not. The
comparing parameter can be frequency or magnitude
deepened on the circuit implementation.

There are 4 types of the circuit implementation that widely
used, LC-Generator, Resonant Circuit, AC-Bridge and
Impedance-to-Voltage Converter[1] as shown in Fig.1.

LC-Generator implementation used inductive loop to
control oscillation frequency. The vehicle presents over the
loop is result in the changing frequency output of the oscillator
circuit. The changing frequency is detected by the signal
comparator circuit to identify the presence of a vehicle. The
frequency counter circuit is commonly used in this circuit [2,

3].
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Resonant circuit implementation does not change the
oscillator frequency, but it changes the output amplitude by
passing the waveform through the inductive-loop. This loop is
allowing the waveform that matches its resonant frequency to
pass while blocking others. The present of a vehicle over the
loop results in changing its resonant frequency, this will affect
the amplitude of the output signal. This changing is detected
using the voltage comparator circuit. Operational Amplifier
(Op-Amp) is commonly used in this circuit.

2 Frequency
A @ | Oscillator Counter

Signal
Analyzer

j——‘ Output

. Signal

B Oscillator @ Analyase Output
. Balanced Signal

(& Oscillator AC Brid Ao Output
2 " Signal

D I Oscillator Amplifier Analyzer '——* Output

Fig. 1. The 4 types of Inductive loop vehicle sensor implementation, LC-
Generator (A), Resonant Circuit (B), AC-Bridge (C) and Impedance-to-
Voltage Converter (D)

AC-Bridge implementation is based on inductive-loop as
a pre-balanced AC-bridge working in the quasi-balanced state.
This state is produced zero voltage at the output, however, the
presence of vehicle cause the bridge to unbalanced, finally
output voltage is produced[4-7].

Impedance-to-Voltage Converter implementation is based
on amplifier circuit. The oscillator output is feed to Op-Amp
input using inductive-loop as a feedback impedance to control
amplifier gain. The presence of a vehicle is causing the gain
to change. The voltage comparator circuit is often used to
detect the changing of signal gain[1].

These implementations required a complex installation
process. The loop wire must be carefully winding to match the
designed resonant frequency. The circuit requires fine-tuning
to operate correctly. The signal comparator circuit must be
calibrated in every installation to prevent the false detection
that can cause by the installation environment, such as steel
mesh buried in the concrete pavement.

The automatic tuning inductive-loop vehicle sensor is
proposed based on a bridge-balance implementation.
However, this implementation required additional circuit and
the sensitivity of this sensor can be effect by the lead-in cable

(4].
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The Inductive-loop vehicle sensor is widely used in many
application, such as vehicle counting, vehicle type
classification, speed measurement, and undisciplined traffic
detection. These applications required the additional
microcomputer or microcontroller to process the sensor
output. However, a separated inductive-loop sensor circuit
that does not utilize the microcontroller that already presents
is used.

In this research, the inductive-loop vehicle sensor
implementation based on a microcontroller is proposed. The

circuit is simple, the signal processing algorithm does not
require intensive computational power and can be
implemented on a low-cost microcontroller.

II. METHOD

The challenge of design the microcontroller for inductive
loop applied to vehicle detection is the high bandwidth of the
signal requirement. The operation of the oscillator is ranging
from 10kHz to 100kHz, in order to correctly sampling this
signal is required the sampling rate must be double the signal
bandwidth[8]. This required a dedicated Digital Signal
Processor or High Bandwidth Analog to digital converter,
which is not capable of a low-cost microcontroller. Decrease
the oscillation frequency is possible, but the inductive-loop
must be designed to match the resonant frequency. The
recommend inductance value by NEMA is 100puH to 700pH,
the out of range value is result in decreasing the detection
sensitivity[9].

The inductive-loop vehicle sensor circuit can be simplified
as a signal modulation and demodulation circuit. There are
two signals, oscillator signal (f,) and information signal
generated by a vehicle passing over inductive-loop (f;). The
output of the circuit is the modulation of both signal (f, ), then
the output signal is demodulating base on frequency, phase or
amplitude depending on the implementation to recover the
information signal (f;).

A. The Circuit

The proposed model is based on a resonant circuit
implementation. This model is equivalent to an amplitude
modulation and demodulation as shown in Fig. 2. The f;
signal is generated using 555 timer IC, this circuit is designed
to oscillate at the 100kHz. However, the frequency can be
fine-tuning using VR1 to match the resonant frequency of the
inductive-loop. The output from the oscillator is grounded by
the Tank circuit created by inductive-loop (L1) and C4. This
circuit is equivalent connecting f. to ground via a high-
resistant resistor, the amplitude of f, is not changing.
However, the presence of a vehicle over inductive-loop is
causing the decreased of the inductance value [2, 3], this
results in changing the resonant frequency of the Tank circuit.
This effect lowers the resistance of the Tank circuit and creates
a short circuit of signal f;, to ground, the amplitude of the f,
will be decreased. The current from the oscillator is limited by
R3 to prevent a long short circuit caused by the vehicle
parking over the inductive-loop. The output from Tank circuit
is rectified by D1, since the current in the loop is low due to
the high value of R3 , then a Schottky diode is used. The
output of this circuit is f,. However, the frequency of f, is
equal to 2 times of f,. Then this output current signal is
converted to voltage by R4 and sampling to digital data by a
microcontroller.
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Fig. 2. The proposed oscillator and detector circuit

B. The Sampling Algorithm

The output signal from the inductive loop circuit is
impossible to sampling without distortion due to the high
bandwidth requirement of analog-to-digital converter module:
ADC. The bandwidth of this signal is 200kHz, thus the
400kHz ADC is required. However, the operation principle of
this proposed circuit is similar to an Amplitude Modulation,
thus the full digitally reconstruction of f, is not necessary.
Since the bandwidth of the information (f;) created by a
vehicle passing over the inductive-loop is very low, this
information is possible to recover using a low-speed ADC.

The output from circuit (f;,) is sampling by a low-speed
ADC and, then the information (f;) is extracted, as in:

fi(®) = Max(f,[t, ...t +j])

fs(&) = fi xG

M
(€]

The low-speed sampling of signal f, is collected for j
samples as f,. The information is recovered by extract the
maximum value of each f,. This process will capture the
signal envelope caused by the vehicle similar to AM
demodulation circuit. The spike can occur in the moment
vehicle enter and leave the detector loop, but it is removed
using low-pass filter by convolution the signal with the low-
pass filter kernel G

The signal f; is now representing the magnetic signature,
which is unique for each vehicle [1, 10], in addition, this signal
is also containing noise caused by the ambient environment.

This signal is then analyzed by comparing its amplitude
with the threshold value 6 to determine the vehicle is present
or not, where 5 is mean detected and 0 for not detected, as in:

5 <6

0 ; others &)

o ={

C. Automatic Calibration Algorithm

The signal magnitude difference between the presence of
a vehicle and not present varies in every installation. This is
because by the different inductance value of loop-wire, stray
capacitance, steel mesh buried in the concrete, and the
oscillation frequency error. The threshold value 8 must be
changed in every installation for the sensor to be working
correctly. The threshold value is automatically determining in
the installation process using the automatic calibration
algorithm.
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The first step of this algorithm is preparing a training
dataset by collecting sample data for n samples. This data
must contain both the presence of a vehicle and not. Then, the
training data is cluster into 2 classes; vehicle present and not
present, using k-mean algorithm.

The k-mean is a data clustering algorithm by partition
observation samples into k clusters in which each observation
belongs to the cluster with the nearest mean. This algorithm is
represented as an optimization problem (4), the goal is to
partition sampling data f into k group while keeping the
variance as low as possible. This automatic calibration
algorithm is using k = 2, because it is a binary sensor that
reporting the presence of a vehicle.

argmin
P i=1

Zfesi"f - will? (C)

Finally, the centroid of both cluster are determined
(Us,, Us, ), the threshold is calculated by averaging both values
,asin:

0= Hsitisy
2

®

III. EXPERIMENTS AND RESULT

The actual circuit for testing scenario is shown in Fig. 3,
the inductor loop was coiled 6 turns into a circle shape with a
diameter of 80 cm using 17 AWG wire. The inductance value
of this loop is 700uH and the resistance is 0.4 Q. The
inductive-loop was placed on the top of a steel reinforced
concrete pavement.

Fig. 3. The actual circuit used in this experiments

The oscillator frequency was tuned to 94kHz, the circuit
producing the square wave with 64% duty cycle. The
oscillator output signal is shown in Fig. 4.

Hantek

X

94.33KHz
10.60us
6.60V
11.4V

<

—?O()mv
11.2V
6.760uUs
60.00ns

Fig. 4. The captured of the oscillator signal
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The output from inductive-loop was deformed into AC

sine wave with the 196 kHz, this signal is shown in Fig. 5.
Hantek LA 0 W Measure

196.8KHz
5.080us
iOOmV
2.36V
;’920rnv

144V
234005
3.460us

Fig. 5. The captured of the inductive loop output signal

The rectified signal from inductive-loop is shown in Fig.
6, the negative half is removed and the amplitude is smaller
because 320mV is the loss in the diode.

Hantek Measure X

200.0KHz
.+ 5.000us
440mV

1.02v

160mV
.18V

1.1400s
260.0ns

Fig. 6. The captured of the circuit output signal

The raw signal sampling by ADC is shown in Fig. 7, the
microcontroller used in this experiment is ATmega2560 on an
Arduino MEGA 2560 platform. The processor of this platform
is running at 16 MHz capable of sampling analog signal at
10kHz[11].

The captured circuit output signal is heavily suffered from
aliasing error caused by the insufficient sampling frequency.
The original signal capture using the 200MHz oscilloscope is
shown in Fig. 6.

6000

3000 4000
Sample (t)

1000

Fig. 7. The raw sample data from microcontroller build-in ADC

The envelope signal that recovered using proposed
algorithm is shown in Fig. 8. The parameter j = 400 and the
low-pass filter is implement using the moving average
algorithm with 20 samples window size. The result shows that
the shape of the magnetic signature is correctly recovered.
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L L y
400 700 800
Sample (t)

0 L L 1
0 100 200 300 500 600

Fig. 8. The magnetic signature recovered by proposed algorithm, point data
show the individual data of f;, the magnetic signature (f;) shown as the blue
line and the threshold @ determined by automatic calibration algorithm
shown as the red line.

A horizontal red line is threshold determined by automatic
calibration algorithm and final sensor result is shown as a blue
line.

This proposed vehicle sensor was tested 30 times with
subcompact car in both directions, the bottom frame height of
this car is 10 cm. The result is shown that this sensor can detect
with a 100% accuracy. The complexities of automatic
calibration algorithm is 0 (n®), however, the detection process
was finished in real-time. This power consumption of this
circuit is 0.1mA in idle and when a vehicle is present over the
inductive-loop.

1500
Sample (t

L L
1000 1500 2000

500

2500 3000

Fig. 9. The sample magnetic signature (top) and sensor output (bottom)
signal f(t) of 10 cars passing over the detector loop, where the detected is
reported as 5 volts.

IV. DISCUSSION

This circuit is designed to output a type of signal that
possible for low-speed ADC. The inductor is used as a tank
filter to pass non-resonant signal to the ground. This technic
allows microcontroller to detecting a missing loop wire and
providing a reference signal in the automatic calibration
algorithm. However, this configuration also limited the
sensitivity of the circuit. Increase the oscillator voltage to gain
more sensitivity is possible but do not recommend because it
will damage resistor R3. This circuit cannot detect small
vehicles such as bicycle, the signal amplifier circuit is needed
in order to overcome this problem.

@
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V. CONCLUSION

In this research, the vehicle sensor is proposed. the sensor
is based on the inductive-loop detector circuit. The circuit is
proposed based on the resonant circuit implementation. The
digital signal analysis for detecting a magnetic signature is
proposed, the algorithm is designed for a low-speed ADC and
low-cost microcontroller. The automatic calibration algorithm
based on k-mean clustering algorithm is proposed. This
process allows changing the inductive-loop without re-tune
the oscillator. The experimental results show that the proposed

sensor is low power consumption and produces 100%
accuracy detecting the subcompact car.
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