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This research focuses on distance estimation using the Kalman Filter method
in ultrasonic sensors. The study addresses the issue of accuracy levels in
ultrasonic sensors and proposes the use of Kalman Filter to enhance accuracy.
The Kalman Filter is comprised of two key components: prediction and
update. In this research, the Kalman Filter method is implemented using
Arduino Uno and the HC-SRO04 ultrasonic sensor. The experimental results
involve a comparison between sensor data before and after the application of
the Kalman Filter. The filtering outcomes are influenced by the values
assigned to the noise sensor covariance matrix (R) and process noise
covariance (Q). Through experimentation, it was determined that the optimal
values for R and Q are 100 and 0.01, respectively. It is important to strike a
balance when selecting these values, as values that are too close may render
the filtering result imperceptible, while values that are too disparate may lead
to the elimination of original sensor data. In conclusion, the application of the
Kalman Filter method in ultrasonic sensors enables accurate estimation and
enhances sensor value accuracy by up to 7%. This research contributes to the
advancement of distance estimation techniques in the field of ultrasonic
sensing.
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1. INTRODUCTION

Distance measurement is a fundamental quantity that has traditionally been measured using tools such as
rulers, calipers, and micrometer screws. However, in modern times, there is a wide range of advanced
measuring tools available, including ultrasonic sensors [1], infrared devices [2], lasers [3], and LIDAR [4],
although the latter can be costly. These modern tools typically require additional electronic components, such
as microcontrollers for distance measurement and LCD displays to showcase the results. Their applications are
extensive and varied, encompassing navigation for vacuum robots [5], [6], UAVs [7], [8], height measurement
[9]-[11], water level monitoring [12]-[14], car parking distance indicators [15]-[17], and daily distance
measurement.

Distance measurement using modern sensor, especially ultrasonic sensor has several disadvantages from
external factor such as noise from other tools with high frequency, distortion among objects and the influence
from animal with ultrasonic sound ability which may interfere the measurement. Hence, a method is needed to
estimate the real measurement for getting more accurate.

In this research, ultrasonic sensor is used to measure the distance on object. This sensor has weaknesses
since it is very sensitive toward the changes and has noise from external factor. Thus, a method is needed to
overcome the weakness. In this research, Kalman Filter method [18]-[20] will be used to overcome the
weakness.

Several researches that have been done using ultrasonic sensor are; the use of ultrasonic sensor which is
installed in arrays to detect moving object [21], distance measurement and object detection with wide range
up to 180° using 5-volt servo motor [22]. Another implementation of ultrasonic sensor is used in the oil tank
volume monitoring system [23].

Based on the background described above, the research contribution is about application of Kalman Filter
to estimate the distance which is so interesting to do. With the characteristic of ultrasonic sensor which is
unstable, has a noise and a lot of implementations can be implemented, it arises challenge for the researcher to
design the distance estimation system using Kalman Filter method. The first part of this research is introduction.
The second part is proposed method. The third part is research method. The fourth part is result and discussion.
The last part will be conclusion.

2. METHODS
2.1. Ultrasonic Sensor

Ultrasonic sensor is based on the principle of sound wave reflection to get the distance of an object with
a certain frequency. Ultrasonic waves are sound waves that have a high frequency, above 20,000 Hz (20 kHz).
Ultrasonic sensors have two main components; the transmitter and the receiver which are connected to a
piezoelectric crystal. An alternating voltage is applied to a metal plate to produce ultrasonic waves that are
emitted into the air. If there is an object, then the ultrasonic waves will be reflected and received back by the
receiver. This reflected wave produces an alternating voltage with the same frequency [24], [25]. Figure 1
shows the illustration of measurement ultrasonic sensor.
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Figure 1. lllustration of measurement ultrasonic sensor

2.2. Kalman Filter

The Kalman Filter was published in 1960 by Rudolf E. Kalman, the first person who developed this
algorithm. Kalman Filter is a mathematical algorithm that estimates values on data or sensors to reduce the
Root-Mean-Square Error (RMSE) of the system [26]. The Kalman Filter is a reliable in the various aspects of
application; it can estimate both the previous and the current data, even can predict the next data, and can make
estimates in a system state where the model is unknown.
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The Kalman Filter has several mathematical derivatives, such as the Standard Kalman Filter, Extended
Kalman Filter [27], Unscented Kalman Filter [28], [29], and Ensemble Kalman Filter [30] The Standard
Kalman Filter is the simplest filter rather than other derivatives. In this research, The Standard Kalman Filter
is used to estimate the distance measurement, in which the parameter used is sufficient for noise reduction. The
Kalman Filter is often carried out in two phases; prediction and update. The standard Kalman Filter
mathematical equation is shown in equations (1)-(5).

Prediction:
Xeje-1 = FeXe—qje-1 + Bey Q)
Pyt-1 = FtPt_m_lFtT + Q; 2
Update:
Xeje = Xeje-1 + Ke(ve — HeXpje-1) ©))
K, = Pt|t_1HtT 4
Py = - Kth)Pm_1 (5)

These variables state for: x is the expected value, F is the transition matrix, u is the control variable, B
is the control matrix, P is the variation matrix, Q is the process of variation matrix, y is the measurement
variable, H is the matrix measurement, K is the Kalman reinforcement, R is the variation matrix measurement,
t|t is the current time period, t — 1|t — 1 is the previous time period, and ¢t|t — 1 are intermediate steps.

Equations (1) to (5) are a general model of the Kalman Filter system that can be modified according to
the needs and complexity of the built system. Hence, there is a way to implement the Kalman Filter algorithm
to reduce noise on sensor readings and make some adjustments according to the required conditions. Some of
the adjustments made are:

1. Predicting sensor value

In this section, adjustments are made to equation (1) by assigning a value F;, = 1 because it has no
transition value. Thus it can reduce system input variables that have no input. The adjusted equation
is shown in equation (6).
Xt|t-1 = Xt-1|t-1 (6)
2. Predicting error value on sensor
By following F; = 1, then equation (2) is adjusted to be equation (7).
Pry =Prqye-1+Q; (M
3. Updating prediction value

In equation (3), the value H, = 1, int which the sensor value to be filtered is only one sensor reading.
So it can be written as equation (8).

Xije = Xjp—1 + Kt(yt - xtlt—l) (8)

4. Calculating Kalman’s reinforcement value
By following H, = 1, then equation (4) can be written as equation (9).

K, = Ptlt—l(Ptlt—l +R) )

5. Updating the error value on the sensor
By following H, = 1, then equation (5) can be adjusted to be equation (10).

Pt|t =(1- Kt)Pt|t—1 (10)

2.3. System Design
To make it easier in understanding the application of distance estimation using this ultrasonic sensor,
please see the details of system block diagram in Figure 2 and flowchart in Figure 3.
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Figure 2. System Blok Diagram

According to Figure 1, the device used in this research is Arduino UNO as a microcontroller, Ultrasonic
HC-SRO04 as a distance estimation sensor, LCD to display the estimated value, and a Laptop that functions for
Arduino serial data communication and as a 5-volt power supply for Arduino using the USB A port. Arduino
power supply is used to supply the HC-SR04 ultrasonic sensor and LCD.
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Figure 3. Flowchart System

Figure 3 shows how the process of the system flow running in this research. Started by initializing sensor
and parameter R, Q,and P; for estimating using Kalman Filter, then Sensor value block is the process of
distance data retrieval that will be estimated by Kalman Filter. Predict Sensor value block is process that
predicting sensor value using equation (6). Predict error sensor value block is the difference value between
predicted value and actual value according equation (7). Updating prediction sensor value block is the process
that update predicted for the next prediction using equation (8). Predicted Kalman Filter block is the process
of showing estimated data into LCD. Calculate Kalman reinforcement value block is calculating Kalman gain
for the input error value according equation (9). Updating error value block is the process that update error for
the next calculation according equation (10).
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3. RESULT AND DISCUSSION

Estimation distance testing is conducted using measurement method with ultrasonic sensor, then
compared with actual measurement using a ruler. Table 1 shows the comparison testing data between ultrasonic
sensor measurements and actual distances (in cm).

Table 1. Comparison table between sensor measurement and actual distances (in cm)
Actual distance  Ultrasonic Measured Distance  Ultrasonic Error (%)

10 10.75 7.50
20 20.71 3.55
30 30.19 1.90
40 40.77 7.70
50 50.60 6.00

According to Table 1, ultrasonic sensor measurement value has various errors, from 1.90% — 7.70% on
10 — 50 cm measurement distances with a difference between distances of 10 cm. By reaching 7.70% error
value, it can cause measurement error. Then filtering using Kalman Filter is carried out to solve the problem,
but turning parameter step is needed in this algorithm. Figure 4 are graphics that show turning parameter step
R and Q in Kalman Filter algorithm.
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Figure4. (a) R=1,Q0=0.01, ®) R=1,Q=0.1,(c)R=1,Q0=1,(dR=1,Q0=10,(e) R=10,Q=0.1, ()
R=100,Q=0.1, (g) R=100,Q =0.01

The results obtained from the test with blue data is raw data that wasn’t filtered with Kalman Filter and
the orange color was the filtered data using Kalman Filter with differences parameter R and Q. Figure 4 reveal
an interesting observation the Q parameter value surpasses the R parameter value, indicating that the distance
estimation measurements in this case remain unfiltered by the Kalman Filter. However, Figures 4 showcase
measurement data that has undergone filtering, although some residual noise remains present. Notably, the data
exhibits superior quality compared to the test depicted in Figure 4, primarily due to the utilization of a smaller
Q parameter value in relation to the R parameter value, resulting in more effective filtering. The most favorable
measurement outcomes are obtained when employing parameter values of R = 100 and Q = 0.01, as
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demonstrated in Figure 4. It is worth mentioning that there is a slight delay at the beginning, with the sensor
taking approximately 4-6 seconds to reach optimal performance.

Following the successful determination of the optimal R and Q parameter values through extensive
testing, further evaluations were conducted at distances of 10, 20, 30, 40, and 50 using these ideal parameter
values. The outcomes of these distance estimation tests using the R = 100 and Q = 0.01 parameter values are
presented in Figure 5, showcasing the accurate results achieved.
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Figure 5. (a) distance 10 cm, (b) distance 20 cm, (c) distance 30 cm, (d) distance 40 cm, (e) distance 50

cm

Figure 5 provides valuable insights into the optimal distance estimation measurements obtained from the
ultrasonic sensor across various distances, particularly within the range of up to 50 cm. It is important to note
that although there may be a slight delay in the initial stages of the measurement, the overall performance
remains highly satisfactory. Additionally, Table 2 presents a comprehensive comparison between the sensor's
filtered values and the corresponding actual values, allowing for a thorough analysis of their alignment and

accuracy.

Table 2. Comparison table of measurement between filtered sensor and actual distances (in cm)

Actual Distance

Distance measured by Ultrasonic KF

Ultrasonic Error KF (%0)

10 10.06 0.60
20 20.5 2.50
30 30.09 0.90
40 40.07 0.70
50 50.27 2.70

According to Table 2, the distance measurement results obtained using the HC-SR04 ultrasonic sensor
and the Kalman Filter method. Notably, the measurements exhibit an impressively low error value, consistently
below 3%. Furthermore, the error measurement is only 0.6% compared to the actual distance. These findings
unequivocally demonstrate the effectiveness of the designed Kalman Filter algorithm, which has significantly
increased the efficiency and accuracy of distance measurement.

4. CONCLUSIONS

This study proposes the utilization of the Kalman Filter algorithm for distance estimation measurements
using an ultrasonic sensor despite the time required to achieve measurement stability around 4-6 second in this
system. The results indicate that using the Kalman Filter algorithm significantly enhances the accuracy of
distance measurement compared to not using the algorithm. Optimal parameter values for the Kalman Filter in
this system are determined to be R = 100 and Q = 0.01. The process of fine-tuning these parameters
involves employing a trial-and-error methodology, systematically testing values from the lowest to the highest
until obtaining the most effective parameter values. This method takes a long time for data analysis process in
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data analyzing process. However, it is worth that this approach necessitates a substantial amount of time for
data analysis. As a suggestion for future research, it is recommended to explore alternative tuning methods for
determining the Kalman Filter parameters.
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