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Kalman Filter; DC motors are actuators that are widely used in various fields. The reason
PID Control; is that DC motors are easy to control, high torque at low speed, and fast
Noise; response. Angular velocity of DC motor is regulated automatically by using
DC Motor; certain controls method, the most commonly used of which is PID control. The
Stability performance of the control system decreases in the presence of disturbance or
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noise. The presence of noise give has negative impacts such as instability in
control response, decreased accuracy, and difficulty in tuning PID gain. The
most common disturbance comes from the inaccuracy data due to measurement
noise and process noise. In this study, the Kalman filter is proposed as a state
estimator to reduce the influence of noise, both process noise and measurement
noise. The Kalman filter provides an optimal estimate of the angular velocity
of DC motor by minimizing the mean squared error. The estimated angular
velocity from Kalman Filter is utilized as input for PID control. Simulation
results show that the Kalman filter is capable to reduces the influence of
measurement noise. In nominal condition, PID control give an Integral
Absolute Error (IAE) of 344.56. Under noisy condition, PID control (without
Kalman filter) has an IAE of 517.27, while Kalman filter-based PID control
has an IAE of 345.25. The IAE reduction of 99.6% indicates that the proposed
control system effectively minimizes errors, resulting in better performance and
stability.
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1. INTRODUCTION

DC motors are commonly used actuators in both the industrial and academic field. DC motors have a
number of advantages that make them remain relevant in various applications. Some of the advantages are
ease of velocity regulation, high torque at low speeds, fast response and high efficiency [1]. In the industrial
field, DC motors are widely used to drive industrial equipment such as conveyors, robots and other automation
equipment. Meanwhile, in the academic field, DC motors are used for research, development and prototyping.

DC motors require a controller so it can move as desired. The most widely used controller is PID
(Proportional-Integral-Derivative). PID control is chosen for some reason, such as fast response, robust against
load changes, ease of setting its performance through parameters of K p, K;, and K [2][3]. There are various
tuning method of PID parameter that have been developed, such as Ziegler-Nichols [4], iterative feedback [6],
[5], fuzzy logic system [7], genetic alghorithm [8][9], Particle Swarm Optimization [10], and ant colony op-
timization [11]. Zeigler Nichols and iterative feedback tuning are simple and widely used methods for tuning
PID controllers. However, the presence of noise can affect the tuning process and the accuracy of the final pa-
rameters. Zeigler Nichols and iterative feedback are simple and widely used method for PID controller tuning.
however, the noise can affect the tuning process and the accuracy of the final parameters. Meanwhile Fuzzy
Logic Systems and Genetic Algorithms are generally more robust and effective in noisy environments due to
their ability to handle uncertainties and adapt to changing conditions. But, these method has a complicated
design and is computationally intensive.

PID control works properly if the DC motor is in ideal conditions. However, its performance will de-
crease if the noises take place. Noise can be classified into two primary categories: measurement noise and
process noise. Measurement noise refers to random errors or disturbances that affect the accuracy of sensor
readings in a system. It is typically random, often modeled as Gaussian (white) noise with a zero mean, and
can stem from sources such as sensor inaccuracies, electrical interference, or quantization errors [12][13]. This
type of noise introduces uncertainty in the feedback signals of control systems, leading to potential inaccu-
racies in control signal generation, which can degrade overall system performance and stability. Meanwhile,
process noise represents the random disturbances or uncertainties that affect the dynamics of a system, such
as inaccuracies in modeling, parameter variations, or external influences. Unlike measurement noise, process
noise directly impacts the system’s behavior. It can vary over time and is often modeled as a colored noise
with frequency-dependent characteristics. Both measurement noise and process noise can lead to inaccura-
cies in system performance and increased wear on mechanical components. Regardless of the tuning method
employed, PID control performance will not be optimal in the presence of noise.

The aim of this research is to develop a control system for a DC motor that reliable against noise. The
proposed control system is considered reliable against noise if it can reduce the integral of absolute error (IAE)
of its step response by more than 75%. The Kalman filter is proposed as a states estimator of DC motor.
The Kalman filter was chosen because it provides an optimal estimate of the state of a linear system, such as
DC motor . The Kalman filter uses a system model and considers measurement noise and process noise in
estimating the state, unlike a state observer which only estimates the state based on the system model [14][15].
As a result, the Kalman filter gives better state estimation and handles noise better. Its recursive nature also
makes the Kalman filter capable of real-time estimation. The Estimated state from Kalman Filter is used as
a feedback signal instead measurement data from sensor. Thus, it is supposed that PID control will produce
precise control signals and DC motor performance remain optimal.

2. DC MOTOR MODEL

A DC motor consists of several components that work together to convert electrical energy into mechani-
cal motion, as seen in Figure 1. where R is Electric resistance, L is Electric inductance, J is Moment of inertia
of the rotor, Ky is Motor viscous friction constant, 6 is Rotational angel of the shaft, 7is Motor Torque.

v in

O

Figure 1. Equivalent Model of DC Motor
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The torque (7) produced by a DC motor is directly proportional to the current (i) flowing through its
windings, as written in equation (1). Where (K,;,) is the armature constant that depends on the motor’s design
and characteristics. This means that as the current increases, the torque output of the motor also increases.

(t) = Kni(t) (1

The electromotive force V., s induced in the armature of a DC motor is directly linear to the angular velocity of
the motor. This relationship is a fundamental aspect of the motor’s operation and can be expressed by equation
@).

Vemf (t) = wa(t) 2)

where K is a constant electromotive force (CEF). The resultant torque of a motor, as described by Newton’s
second law, depends on several factors, including the moment of inertia, and the angular acceleration. The
relationship between moment of inertia (J) , angular acceleration (w), and torque (7) is denoted in equation
(3). 5
t
Sr = J% = —Kpw(t) + Kni(t) 3)
where K is the friction constant. The armature in Figure 1 is a closed loop circuit, so Kirchoff’s voltage law

can be applied. The resultant voltage in those loop can be written as in equation (4).

A
Vin(t) = Ve (t) = L% + Ri(t) “)
By substituting equation (2) to equation (4), it is obtained equation (5).
A
Vin(t) = L Zé(t) + Ri(t) + Kpw(t) )

From the explanation above, two differential equations are obtained. The first differential equation is the
electrical equation as written in equation (6). While the second equation is a mechanical equation as written in
equation (7).

oi(t R K 1
O~ Fiy - Lo+ 2w ©
ow(t) K. K
=i - e g
Those differential equation can be written in state space form, as follows
sl ] _[-% -2 1[i® 17
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Equation equation (8) and equation (9) are functions in the continuous time domain. In its implementa-
tion, the PID control and Kalman filter are developed in the discrete time domain. For this reason, those state
space needs to be converted into the discrete time domain. Discretization can be carried out using the forward
discretization as follows

) R K, , T
ik 1-3T, -3 ik-1 T
— Vo 10
[w} [%ﬂgl—?n A I R R (10)

ye=[0 1] [ L’; } + [0V, k-1 (11)

where T is sampling time. Forward discretization is easy to implement and computationally efficient, making
it suitable for resource-limited systems or real-time applications. However, the sampling time must be chosen
carefully. Inappropriate selection of sampling time affects the accuracy and stability of the system
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3. KALMAN FILTER DESIGN

The Kalman filter is a mathematical algorithm used in control systems and various other fields to estimate
the state of a system in the presence of uncertain and noisy measurements. It produces variable estimates which
values tend to be more precise than the measurement results.

The design of the Kalman filter depends on the plant model used. General form of plant model in discrete
state space can be written as follows

xp = Axp_1 + Bug—1 + wr—1 (12)

where A is the transition matrix, describes the dynamics of the system. B and uj_; are the input matrix and
control input, respectively. Meanwhile wy_; is process noise, with a covariance ). The measurement data
from the sensor are represented using variable of z, as follows

2z, = Cxp + vy (13)

H is the output matrix and vy, is the measurement noise, with covariance R [16].

The Kalman filter consists of two main step: prediction and process. The algorithm and equations on
each step can be seen in Figure 2. [16] provides details of the equations used. The Kalman filter uses these
equations iteratively, making predictions of the system’s state and then updating these predictions with new
measurements. It provides a statistically optimal estimate of the state by taking into account both the system
dynamics and the measurement noise. The filter adapts to changes in the system over time and provides a way
to improve state estimates in noisy environments.

Correction
Prediction 1. Calculate Kalman Gain
1. Project the state ahead Ky = PK_CT(CP]C_CT +R)?!
Ry = Afg-_1 + Buy— 2. Update estimate with measurement zj,
2. Project the error covariance ahead X = X + Ky (2, — CXi)
Pk_ = APk—lAT +Q 3. Update the Error Covariance
P, = (I — KxC)P;

Figure 2. Kalman Filter Algorithm .

Process noise covariance () and measurement noise covariance R in 2 are selected and tuned for the
specific application. Process noise covariance () represents the uncertainty in the system model. It is related
to the prediction step of the filter. If the model in equation (10) and equation (11) accurately describes the dy-
namics of DC Motor then () would be small. If the model is less accurate or the system is subject to significant
disturbances, ) should be larger. Meanwhile measurement noise covariance R represents the uncertainty in the
sensor measurements. If sensors are accurate and reliable, R should be small. If sensors are noisy, 12 should be
larger.

4. CONTROL SYSTEM DESIGN

PID control is a versatile and widely used method for controlling DC motors, offering a good balance
between simplicity and performance. Its advantages include ease of implementation, robustness, and the ability
to eliminate steady-state error. However, PID controllers have limitations, particularly in systems with varying
operating conditions, or significant noise. While other control strategies like state-space control [17][18], fuzzy
logic controller [19][20], and model predictive control [21] offer enhanced performance in specific scenarios,
they are generally more complex and may require more sophisticated design and tuning processes.
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PID control consists of 3 parts, namely proportional control, integral control and derivative control. The
equation of PID control is described in equation (14). The performance of PID control is determined by the
selection of the K,,, K; and K parameters. Proper selection of PID parameters can significantly enhance the
performance of the DC motor. On the other hand, unproper selection of PID parameters can lead the DC motor
performance to instability. Various methods for tuning PID control have been developed, with one of the well-
known methods being the Ziegler-Nichols method. The Ziegler-Nichols has the advantages of simplicity, fast
setup, and does not require in-depth analysis. In this research, the selection of PID parameters was carried out
using the Ziegler-Nichols method and will be discussed in the next section

de(t)
o(t)

u(t) = Kpe(t) + K; / e(t) + Kq (14)
with u(t) is Control signal, output of PID control, e(t) is Error of the angular velocity, K, is Proportional Gain,
K is Integral Gain, K is Derivative Gain.

PID formula in equation (14) is in the continuous time domain. The DC motor in equation (10) and
equation (11) are modeled in the for of discrete time. In order to have accurate control actions, the proposed
controller needs to be brought into discrete time domain. PID control in the discrete time domain using forward
discretization, as follows

Kq

u(k) = Kpe(k) + K;Xe(k)Ts + T

(e(k) —e(k —1)) (15)

The proposed control system design is shown in Figure 3. Angular velocity of DC motor is assumed to have
a measurement noise (vy) with a covariance of R and a process constant error (wy) with a covariance of Q.
The sensor measurement is used then as the filter input, in combination with «(k) input. The Kalman filter
estimates the angular speed based on these two input parameters. The angular velocity estimation results are
input for PID control, replacing the measurement results. Estimated angular velocity is supposed to reduce the
influence of noise, and then the PID control system can produce precise control signals. The performance of
the proposed control system will be validated through simulation.

Process Measurement
Noise w(k) Noise v(k)

Ref (k) Estimated state

R
Kalman &,
Filter

Estimated state

Figure 3. Proposed Control Design .

5.  SETUP AND SIMULATION

The performance of the proposed control system is evaluated through simulation. Firstly, it is neccessary
to define parameters of DC motor, Kalman Filter and PID Control. DC motors are assumed to have parameters
as in Table 1 [22].

Table 1. Parameters of DC motor

Parameter Symbol Value
Armature Resistance R 1Q
Armature Inductance L 0.5H
Armature Constant K,, 0.01 Nm/A
Constant of Electromotive Force K, 0.01 V/rad/sec
Rotor Inertia J 0.01K g?
Motor Viscous Constant Ky 0.1 Nms

Implementation of Kalman Filter on PID Control System for DC Motor under Noisy Condition (Nurman
Setiawan)
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PID parameters are derived using the Ziegler-Nichols method based on the system’s step response in
open-loop conditions. This method involves applying a step input to the DC motor system and observing the
output to derive the necessary PID parameters. First, apply a step input then record the DC motor’s output
response over time. The open response of the DC motor is shown in Figure 4.

Open Loop Test

X=0.82
¥=0.1

Amplitude

001 h X=0.05
o ¥=0.67e-18

0 0.5 1 1.5 2 25 3 35

Time (seconds)

Figure 4. Open Loop Test

Based on the open loop response in Figure 4, it is obtained the delay time L and times constant 7" of
0.05 and 0.77 second. delay time L is the time between when the step input is applied and when the output
starts to respond. While times constant 7' is the time it takes for the output to reach 63.2% of its final value
after the initial delay. In practice, T is estimated from the slope of the response curve at the point of maximum
steepness. Once L and T are determined, the PID parameters can be calculate using the Ziegler-Nichols
formula, as follows

T
Kp =127 =18.48 (16)
K
K, =2 =184. 17
o, 1548 1n
K;=0.5K,L = 0.462 (18)

Three scenarios of simulations were carried out to evaluate the performance of the proposed control sys-
tem, namely ideal conditions, noisy condition, and filtered condition. In noisy condition and filtered condition,
the system of DC motor is assumed to have a covariance error of Q = 10~° for process noise and R = 102 for
measurement noise. For certain applications, R and Q can be changed according to specific system conditions.
This could be based on specifications, such as sensor accuracy and expected process variation. Then, the errors
are assumed to be Additive White Gaussian Noise (AWGN). The performance of the control system in each
condition is explained as follows

5.1. Scenario 1 - Ideal Condition

First scenario, the DC motor is assumed to operate under ideal conditions, there is no process noise or
measurement noise. The step response in nominal conditions can be seen in Figure5. Figure5 shows that the
PID control works properly in this condition. There are no noises that interferes with the system performance.
The control system is capable to track the references point well. The PID parameters in equation (16)-(18)
result in optimal performance for the DC motor control system, with an Integral Absolute Error of 344.56 in
ideal condition.
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Angular Velocity in Nominal Condition
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Figure 5. Angular velocity of DC motor in nominal condition.

5.2. Scenario 2 - Noisy Condition

In this scenario, the DC motor is assumed to have a covariance error of Q = 107> for process noise
and R = 102 for measurement noise. The error is assumed to be Additive White Gaussian Noise (AWGN).
The control system implemented does not yet involve the Kalman filter. The influence of process noise and
measurement noise on DC motors will be discussed in this scenario. The step response of the DC motor control
system can be seen in Figure 6.

Angular Velocity in Noisy Condition
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Figure 6. Angular velocity of DC motor in noisy condition.

It can be seen in Figure 6, noise give the significant influence on the system. The PID control cannot
generate control signals properly due to the presence of noise. The response continuously oscillates around the
reference point. In real applications, this kind of response would have a negative impact on the hardware. The
oscillatory response increases backlash in the gearbox and tooth wear in the transfer gear. Noises cannot be
avoided, special treatment is needed to reduce the influence of the noises.

5.3. Scenario 3 -Filtered Condition
The conditions in this scenario are the same as the previous scenario, there are process noise and mea-
surement noise which interfere the performance of the DC motor. To estimate the angular velocity of the DC

Implementation of Kalman Filter on PID Control System for DC Motor under Noisy Condition (Nurman
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motor under noisy condition, Kalman filter is used in this scenario. The step response of this scenario can
be seen in Figure 7. Figure 7 shows that the proposed Kalman filter based PID control reduces the influence
of process noise and measurement noise. The proposed control system is capable to maintain the DC motor
performance close to ideal conditions even though the noises take place.

Angular Velocity with Kalman Filter
1.2 T T T T T T T T

=} o =

B o = -
T T T T
L L L

Angular Velocity (Rad/Sec)

=}
)
L

0 I I I I I I I I I
o 0.5 1 15 2 25 3 3.5 4 45 5

Time (seconds)

Figure 7. Angular velocity of DC motor in which Kalman Filter takes place.

A comparison of the Integral Absolute Error (IAE) of all three scenarios can be seen in Table 2. Table
2 shows that process noise and measurement noise cause PID control performance to be not optimal. As
evidenced, Scenario 2 has the highest IAE. By implementing the Kalman Filter, the influence of noise can be
reduced so that PID control performance approaches ideal. It is proven by Scenario 3 having an IAE that is
close to Scenario 1 (ideal conditions)

Table 2. Integral Absolute Error of All Three Scenarios.

Scenarios Integral Absolute Error (IAE)
Scenario 1 (Nominal Condition ) 344.56
Scenario 2 (Noisy Condition) 517.27
Scenario 3 (Filtered Condition) 345.25

6. CONCLUSION

Kalman filter-based PID control system for DC motors has been successfully developed. Measurement
noise and process noise have a significant impact on the output response of the DC motor. Simulation results
show that the PID control gives an Integral Absolute Error (IAE) of 344.5 in moninal condition. In the presence
of noise, conventional PID control gives an IAE of 517.27. The noise gives oscillate responses continuously.
While the Kalman filter-based PID control has better performance with an IAE of 345.25. Based on nominal
conditions, Kalman filter-based PID control can reduce noise by 99.6% compared to conventional PID. These
results show that the Kalman filter is effective in reducing noise. In general, the proposed control method is
capable to maintain DC motor performance in noisy environments. For hardware implementation, the accuracy
of the mathematical model and noise covariance need to be validated first to obtain an appropriate model.
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