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Control systems are critical for managing, commanding, and regulating
the behavior of dynamic systems. A DC motor converts direct current
electrical energy into kinetic energy, requiring positive and negative
voltage terminals for operation. Due to their ease of control across wide
speed ranges, DC motors are widely applied in various industrial
sectors. Speed regulation is typically achieved using control devices
tailored to specific system requirements. To optimize DC motor
performance, this study employs mathematical modeling and control
strategies using MATLAB software. The 42D29Y401 DC motor is
modeled and simulated using the Linear Quadratic Regulator (LQR)
and Linear Quadratic Tracking (LQT) methods. Simulation results show
that the first-order DC motor achieved a stable step response with an
amplitude of 3.40, a rise time of 3.11 seconds, and minor overshoot
and undershoot values of 0.501% and 1.98%, respectively. The LQR-
optimized system improved performance with an amplitude close to 1,
a faster rise time of 1.1 seconds, and reduced overshoot and
undershoot at 0.505%. Comparatively, the LQR-based system
demonstrated better overall performance than the unoptimized model,
while the LQT-based system yielded the highest level of performance
among all configurations.
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1. Introduction

The rapid development of technology and automation in modern industries has increased the
demand for reliable and efficient control systems [1] [2] [3]. A control system plays a fundamental
role in managing, commanding, and regulating dynamic system behavior to achieve desired
operational objectives [4] [5] [6]. Among various actuators employed in industrial processes, the DC
(Direct Current) motor remains a preferred choice due to its straightforward control characteristics,
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wide speed range, and high efficiency in converting electrical energy into mechanical motion [7] [8].
The 42D29Y401 DC motor, with its specific performance attributes, is widely utilized in industrial
applications that require precise speed and position control. However, achieving optimal
performance from DC motors demands effective control strategies that can handle dynamic
variations and minimize system deviations such as overshoot, undershoot, and response time
[9][10].

To address this need, mathematical modeling and control system optimization are necessary.
In this study, the DC motor model is developed and optimized using two well-known control
techniques: the Linear Quadratic Regulator (LQR) and the Linear Quadratic Tracking (LQT) methods
[11] [12]. MATLAB software is employed as a simulation tool to design, analyze, and evaluate system
performance. By comparing the system response under different control approaches, this research
aims to demonstrate the advantages of LQR and LQT in enhancing the stability, speed, and accuracy
of DC motor operation. Ultimately, the findings provide valuable insights into the practical
implementation of optimal control methods for industrial motor systems.

2. Research Method

In this study, a closed-loop control system was implemented to analyze the dynamic
response of the 42D29Y401 DC motor when modeled as a first-order plant using mathematical
modeling. The simulations were carried out using both the Linear Quadratic Regulator (LQR) and
Linear Quadratic Tracking (LQT) methods [13]. LQR is a state-space control technique that requires
full state feedback of the system. To obtain optimal gain values, appropriate weighting matrices Q
and R must be selected to balance system performance and control effort [14].

LQT, on the other hand, is a primary method for solving tracking problems in linear systems.
It is designed to generate optimal control such that the linear system is capable of accurately
following a predefined reference trajectory [15]. The optimization objective is achieved by minimizing
a quadratic cost function. The LQT controller comprises both feedback and feedforward components,
which are computed using the Algebraic Riccati Equation (ARE) [16].

MATLAB Simulink was employed as the simulation environment to implement and evaluate
both LQR and LQT-based control strategies. Simulink, a graphical extension of MATLAB, allows the
modeling and simulation of dynamic systems using block diagrams. These diagrams incorporate
elements such as transfer functions, summing junctions, as well as virtual input and output devices
including function generators and oscilloscopes [17].

The mathematical model used in this study is derived based on the specifications found in
the datasheet of the 42D29Y401 DC motor. A first-order transfer function model was formulated to
represent the plant, describing the mathematical relationship between the input and output of the
motor system. The main objective of this research is to analyze the step response behavior of the
42D29Y401 DC motor system, both in noise-free conditions and under the influence of system output
noise.

2.1. DC Motor

DC (Direct Current) motors are widely recognized for their simplicity in application, making
them a popular choice across a broad range of uses from industrial machinery and household
appliances to children's toys and electronic instrumentation systems [18]. A DC motor operates using
a direct current power supply and features two terminals, positive and negative, through which
voltage is applied to generate motion. Its fundamental function is to convert electrical energy into
mechanical energy. The basic working principle of a DC motor involves the interaction between a
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magnetic field and a current-carrying conductor, resulting in rotational motion. The core components

of a DC motor typically include the rotor (rotating part) and the stator (stationary part), which together
facilitate the conversion process.

Stator

Figure 1. Components of a DC Motor

Due to the growing industrial reliance on DC motors, it is essential to apply optimization
strategies within control systems [19]. Control system optimization involves analytical and
computational techniques to derive the most efficient solutions for a given system’s operation. A
control system, in this context, refers to the structured approach of regulating one or more variables
to maintain them at desired levels or within specific ranges. In practical terms, a control system
consists of an arrangement of physical components designed to guide the flow of energy to machines
or processes, ensuring the desired output is achieved efficiently and reliably [20].

e Datasheet of 42D29Y401 DC motor

‘ 42D29Y401

76Max 24,8, Hammerprooflabe

$38.1+ 0. 05

)
T (A

3x2x0. 14ns’ / 2
420, Sma’_(AWG20)

“ore shielded wire 450mm LONG -
ECoNe hickiedplce: 40 LN UL2464 four-core cable 415mm LONG
f)

1.620.2

Electrical Characteristics 6.Phase inductancef 1, 4mH £ 20% (1kHz 1V rms)
1.Phase number | 2 phase 7. Holding torque | 5 oN o Min (7413 %)

2. Step angle 1. 8° 8. Rotor inertia 300g. cm™2

3.Rated voltage | 2. 31V 9. Motor weight 680g Ref.

4. Rated current | 4, 24 10. Insulation 100MQ Min. (DC 500V)

resistance
5. Phase resistance 0. 540 = 10%(20° C) 11. Insulation class| B (130° ()
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Figure 2. Datasheet of 42D29Y401 DC motor

Specification:
- T =2,2 N/m
- Rated Current=4.2 A
- Voltage =31V
- Speed = 6000 rpm atau 628,32 m/s

From the specifications that have been obtained the general form of the function is instead
of order 1:

K
Ts+1

G(s) =

1)

Order 1 DC Motor
Based on the DC motor datasheet, the 1st order equation is obtained:
Where 1= K.i so that
K=7I=2_0523 )
1 4.2
First order equation of DC motor:

0,523
22s+1

G(s) = 3

2.2. Matlab Program

In the practicum of optimizing the DC motor system 42D29Y401 with the LQR and LQT
methods, a MATLAB script program is needed to simulate the system on Simulink. Below is the
MATLAB script program used.

e LOR
clear; clc;
% Model Motor DC
J = 30 ; % J = Moment of Inertia
b =20.14 ; $ b = Damping Ratio
K= 0.0298 ; $ K = Constant
R = 0.54 ; % R = Resistance
L = 0.0014 ; $ L = Inductance
A = [-b/J K/J; -K/L -R/L];
B = [0; 1/L1;
cC = [1 01;
AA [ A zeros(2,1); -C 0];
BB = [B;01];

o°

Pole Placement

J [-3 -4 -5];

K = acker (AA, BB, J)
KI = -K(3);

KK = [K(1) K(2)];
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atrix LOR
[1 0 0;
0 0;
0 1
[

— o R

1

.
4

0001

K lgr = 1lgr(AA,BB,Q,R)
KI2=-K 1gr(3);

KK2=[K 1lgr(l) K 1lgr(2)];
o LQT
clear;
clc;
% Model DC Motor
J = 30 ; b= 0.14 ; K= 0.0298 ; R= 0.54 ; L =
% J = Moment of inertia, b = Damping ratio, K =

resistance,

L. = Inductance

[-b/J K/J; -K/L -R/L];
[0; 1/L];

(1 0]

28!
R)
-B*K) '
)

R=0.0000000001; %0.00000000000001

]=care(A,B,C'*Q*C,R) %m=v(t) %S=P
*B'*S %feedback Gain

*B' $model following gain

0.0014 ;

constant,

The following is a display of the simulation circuit in Matlab Simulink:
e 42D29Y401 DC motor circuit 1st order

R

I _(:'_'\ - 0.523 input
r\fj - 225+ 1 output
Figure 3. DC motor circuit 1st order
o LQR Circuit
+ 1 + 1 »Cu
_r;__%;}_* s B" 3 B” G s s

Kl B1

c1
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Figure 4. LQR Circuit
¢ Noise-free LQR Subsystem
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Figure 5. Noise-free LQR Subsystem

¢ Noise LQR Subsystem
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Figure 6. Noise LQR Subsystem

e LQT Circuit
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Figure 7. LQT Circuit
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Figure 8. Noise-free LQT Subsystem
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Figure 9. Noise LQT Subsystem
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3. Results And Discussion
3.1. Analysis of Simulation Results of 42D29Y401 DC Motor Order 1
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Figure 10. Results of 42D29Y401 DC Motor Order 1

Figure 10 illustrates the step response of the 42D29Y401 DC motor modeled as a first-order

SISO (Single Input Single Output) system. The graph displays two distinct curves: the yellow line

represents the input signal or reference setpoint applied to the system, while the blue line shows the
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motor’s actual step response output. Based on the figure, it can be observed that the output response
of the first-order SISO system does not fully reach the desired setpoint. However, the output
maintains a stable behavior, with an amplitude of approximately 0.0204 and a rise time of 231.789
milliseconds. Additionally, the system exhibits a slight overshoot of 0.505% and an undershoot of
0.499%, indicating a modest deviation from the ideal response.

3.2. Analysis of Simulation Results of Optimization of LQR DC Motor
System 42D29Y401 without Noise

Figure 11 presents the step response of the 42D29Y401 DC motor under LQR optimization
in a noise-free environment. The graph shows that the system’s output reaches an amplitude of
approximately 0.99, which can be rounded to 1, indicating that the system successfully achieves the
designated setpoint. The LQR-optimized response demonstrates a relatively efficient rise time of
3.11 seconds. Additionally, the system exhibits an overshoot of 0.501% and an undershoot of 1.98%,
reflecting a moderate deviation from the ideal response trajectory.

Figure 11. Results of Optimization of LQR DC Motor System 42D29Y401 without Noise

3.3. Analysis of Simulation Results of Optimization of LQR DC Motor
System 42D29Y401 with Noise

Figure 12 shows the step response of the 42D29Y401 DC motor under LQR optimization
with noise interference. It can be observed that the system's output exhibits significant fluctuations
due to the noise introduced into the system. The response has an amplitude of 0.67 and a rise time
of 52.72 milliseconds. Additionally, the system experiences considerable deviations, with an
overshoot of -87.06% and an undershoot of 91.94%, indicating a severe response deviation caused
by the noise.
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*7 Signal Statistics.

Figure 12. Results of Optimization of LQR DC Motor System 42D29Y401 with Noise

3.4. Analysis of Simulation Results of Optimization of LQT DC Motor
System 42D29Y401 without Noise

@- 40P »-Q- |- FA-

Figure 13. Results of Optimization of LQT DC Motor System 42D29Y401 without Noise

Figure 13 illustrates the step response of the 42D29Y401 DC motor under LQT optimization
in a noise-free environment. The graph demonstrates that the system's output reaches an amplitude
of 0.99, with a rise time of 7.43 milliseconds. The system exhibits an overshoot of 1.53% and an
undershoot of 0.45%, indicating a relatively stable response with minimal deviations from the desired
setpoint.
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3.5. Analysis of Simulation Results of Optimization of LQT DC Motor
System 42D29Y401 with Noise

Figure 14 presents the step response of the 42D29Y401 DC motor under LQT optimization
with noise interference. It is evident that the system's output exhibits significant fluctuations due to
the noise introduced into the system. The response has an amplitude of 0.18 and a rise time of 92.71
milliseconds. Additionally, the system shows considerable deviations, with an overshoot of 12.41%
and an undershoot of -6.55%, indicating a significant impact of noise on the system's performance.

Figure 14. Results of Optimization of LQT DC Motor System 42D29Y401 without Noise

3.6. Comparation Data

Below is the data from the experimental simulation results in MATLAB Simulink.

Table 1. Comparation data result

Model Sisytem Amplitudo Rise Time (s) Overshoot (%) Undershoot (%)

SISO Orde 1 3.40 3.11 0.501 1.98
LQOR tanpa Noise 0.99 11 0.505 1.518
LQR dengan Noise 0.67 52.72 -87.06 91.94
LQT tanpa Noise 0.99 7.43 1.53 0.45
LQT dengan Noise 0.18 92.71 12.41 -6.55

Based on the comparative analysis, it can be concluded that the LQT (Linear Quadratic
Tracking) method without noise delivers the best overall performance among the evaluated systems.
It achieves a near-ideal amplitude, the fastest rise time, and minimal overshoot and undershoot,
indicating superior stability and tracking accuracy compared to the standard first-order SISO model
and the LQR method. Although both LQR and LQT methods are affected by the presence of noise,
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LQT still maintains relatively better performance under noisy conditions, highlighting its robustness
and effectiveness in optimizing the DC motor 42D29Y401 system.

4. Conclusion

Based on the step response analysis, the first-order model of the 42D29Y401 DC motor
exhibited a stable output with an amplitude of 3.40, a rise time of 3.11 seconds, an overshoot of
0.501%, and an undershoot of 1.98%. The implementation of the LQR method significantly improved
the system’s performance, achieving an amplitude of 0.99 (effectively reaching the setpoint), a faster
rise time of 1.1 seconds, and smaller overshoot and undershoot values. It can be compared and
concluded that the 42D29Y401 DC motor system with LQR optimization performs better than the
first-order model, as LQR allows the motor to reach the setpoint accurately, produce a stable output
curve, achieve a faster rise time, and maintain low overshoot and undershoot. Nevertheless, the
step response obtained through LQT optimization demonstrates an even superior performance
compared to both the first-order model and LQR-based control. Therefore, it can be concluded that
the LQT method provides the most optimal system performance for the 42D29Y401 DC motor.
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