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Abstract

DC motors are extensively employed across di verse industrial applications due
to their versatility in both fixed and variable-speed electric drives spanning wide
power ranges. This study investigates the transient response characteristics of a
separately excited DC motor speed control system using the Linear Quadratic
Regulator (LOR) and Linear Quadratic Tracking (LQT) methods, with LOT
parameters optimized via a Genetic Algorithm (GA). The IG 42-GM DC motor was
modelled using first-order transfer functions and simulated in MATLAB/Simulink.
Simulation results demonstrate that under noise-free conditions, both LOR and
LQOT achieve the intended setpoint of 1.0 with no undershoot. Under noisy
conditions, LOR maintains a setpoint output of 1.0 with a controlled undershoot of
0.5, while LQT achieves the setpoint with irregular waveform responses due to
noise interference. These findings confirm the effectiveness of LOR and GA-
optimized LQT strategies for robust, cost-efficient DC motor speed control in
variable power-rating systems.

L INTRODUCTION

Technological advancement is currently progressing at an unprecedented pace, influencing every facet
of modern life. It is evident that the contemporary demand for technology far exceeds that of previous
decades, a reality that has intensified global competition, particularly within the automation sector
(Gebremariam & Alemu, 2023). In this competitive landscape, industry players are actively constructing
or upgrading their industrial systems to produce superior products relative to their competitors, while others
prioritize manufacturing speed. This drive for efficiency and performance has led to the widespread
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adoption of the electric motor, which is essential for industrial progress. Market reports indicate that the
electric motor market continues to expand, and the Asia-Pacific region accounts for a major share of sales
(Asia Pacific Electric Motor Market Size Report, 2023; Asia Pacific Electric Motor Sales Market Size &
Outlook, 2022; Asia Pacific Electric Motor Market Size, Share & Growth, 2024). This data underscores the
critical role of electric motors, particularly DC motors, in determining both production speed and quality.

Despite their widespread use, the application of DC motors in industrial settings is often challenged by
difficulties in torque control (Kumar & Thilagar, 2015). Researchers have consistently noted that the torque
variable in DC motors is inherently difficult to measure directly, often necessitating its estimation (Antar
et al., 2023). This challenge is compounded by the fact that DC motors exhibit non-linear behavior,
especially when subjected to varying loads. While conventional controllers, such as Proportional-Integral-
Derivative (PID) controllers, are widely used due to their established performance in linear systems, their
efficacy is significantly compromised in non-linear environments (Urrea-Quintero et al., 2021).

In response to these challenges, this paper presents a control system for induction motors utilizing a PID
controller integrated with the Field-Oriented Control (FOC) method. This approach is designed to enhance
the torque current control signal within the PID controller framework (Kasula et al., 2023). Furthermore,
optimal control techniques, such as the Linear Quadratic Regulator (LQR), have been employed by several
researchers (Zhi et al.,, 2022). In this study, a permanent magnet DC motor is used as the plant for
identification and control via the LQR optimal control technique. To facilitate this, a DC motor
identification module has been developed using Simulink-Matlab.

The performance of the LQR is highly dependent on the appropriate selection of the state weighting
matrix (Q) and the control weighting matrix (R), which directly determine the feedback gain values and
performance indices (da Silva et al., 2024). While a manual tuning (trial-and-error) approach can be used,
it often yields sub-optimal results (Youns et al., 2013). Consequently, this study employs a Genetic
Algorithm (GA) to automate and optimize the selection of the Q and R matrices (da Silva et al., 2024;
Robandi et al., 2001). The integration of GA with LQR has been shown to significantly improve control
performance compared to traditional methods, offering a more efficient and effective solution for complex
control problems (Gebremariam & Alemu, 2023; Youns et al., 2013).

II. RELATED WORKS

Several studies have investigated optimal control strategies for DC motor systems. Gebremariam and
Alemu (2023) conducted a comprehensive review of DC motor drive control schemes and optimization
techniques, highlighting that conventional fixed-gain controllers are increasingly being replaced by
intelligent and optimal control methods due to their superior adaptability in industrial automation
environments. Their review established the growing importance of advanced control strategies, particularly
in applications where speed regulation and load disturbance rejection are critical.

In the context of LQR-based control, Zhi et al. (2021) proposed an interval linear quadratic regulator for
DC motor speed control under parametric uncertainties, demonstrating that LQR-based methods provide
stronger robustness and faster response speed compared to traditional PID controllers, particularly when
system parameters vary during operation.

Regarding the optimization of LQR weighting matrices, Youns et al. (2013) proposed the integration of
Genetic Algorithm (GA) with LQR for DC motor control, showing that GA-optimized Q and R matrices
yield significantly better transient response and reduced steady-state error compared to manual trial-and-
error tuning. This finding was further reinforced by da Silva et al. (2024), who confirmed that the GA-LQR
combination offers a systematic and efficient framework for balancing control expenditure and system
performance in dynamic systems.

Building on these works, the present study applies both LQR and Linear Quadratic Tracking (LQT)
methods to the IG 42-GM DC motor using MATLAB/Simulink, with GA employed to optimize the Q and
R matrices, extending prior research by incorporating trajectory tracking capability alongside regulation
performance.
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III. METHODS

3.1 Transfer Function

The transfer function helps in analyzing the features of a system. In general, the structure of a first-order
system can be expressed as follows:

K

G() =3 M
The general form of a second-order system can be expressed in the following standard form:
2
G(s) = 5—n 2

s2+ 2¢wns+wn?

3.2 Linear Quadratic Regulator

The Linear Quadratic Regulator (LQR) constitutes a fundamental method within modern control theory (Zhi et al.,
2022). Analysis of systems employing LQR is conducted using the state-space representation, a framework
particularly well-suited for multi-input multi-output (MIMO) systems due to its mathematical simplicity. The
widespread application of LQR across various domains has led to the extensive utilization of its design techniques
(Bagua, 2023).

Equation 2 presents a block diagram of a DC motor control system incorporating an LQR controller. In such a
configuration, the motor speed may vary in response to changes in load and other external disturbances. The primary
function of the LQR is to minimize deviations in motor speed (Umar & Upadhyay, 2024). The system output,
specifically the motor speed, is continuously compared with the applied input, namely the motor voltage. The
reduction of motor speed deviations is executed by the LQR.

x = Ax + Bu
y = Cx 3

The performance index based on minimum energy (cost function/quadratic function) is given by Equation

2).
J =3 JGTQ +uTRu)dt 4)

The regulator equation can be solved by solving the Riccati algebraic equation as given in Equations (5)—

(7.

ATP + PA — PBR™BT+ Q = 0 %)
—K =R71BTP (6)
u = —Kx (7

»cl

c2

Figure 1. Modelling of a Linear Quadratic Regulator
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Figure 1 illustrates the fundamental closed-loop configuration of a DC motor speed control system. The
reference speed (setpoint) is compared with the actual motor speed measured by a tachometer or encoder.
The error signal is processed by a controller (LQR/LQT) that generates a control voltage applied to the DC
motor via a power amplifier. This configuration enables precise speed regulation despite load variations
and external disturbances.

3.3 Linear Quadratic Tracking

Linear Quadratic Tracking is a linear control system in which the system output follows a desired
reference trajectory (Aghazamani et al., 2022). system has the state equation (3) and an error vector as
shown in Equation (4). The performance index is defined in Equation (5).

e =z-y (8)
] = 2P (tpe(ty) +3 [, [e" Qe + U'Ruldt o

Once the mathematical model of the system is represented in state-space form, the solution matrix for the
Riccati differential equation can be determined using Equation (10) in the case of infinite time.

0=—-PA—A'P+PBRB'P+C'QC (10)

The matrix Q and R can be selected to fit the system's intended performance. Once the Riccati equation
has been obtained, the non-homogeneous vector differential equation can be derived using Equation (11).

g=—-[A—BR™B'P]'g—C'Qz (11)

Once the matrix P which is a positive-definite symmetric matrix and g have been obtained, the feedback
gain K can be calculated using Equation (12).

K =R'B'P (12)

Figure 2. Modelling of a Linear Quadratic Tracking

Figure 2 presents the block diagram of an LQT control system. Unlike LQR which drives the state to
zero, LQT enables the system outputyto track a time-varying reference trajectory z. The error
signal e=z—y feeds into the performance index minimization. The Riccati equation (Equation 10) and non-
homogeneous vector differential equation (Equation 11) are solved to compute the optimal feedback
gain K and feedforward gain, ensuring asymptotic tracking with minimal control effort.

3.4 Noise

In communication systems, noise refers to unwanted signals that are always present in a transmission
system (Uzor-Ejikeme, 2023). This noise degrades the quality of the desired signal and ultimately disrupts
the process of data transmission and reception (Xie et al., 2022; Xu et al., 2023).
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3.5 Modelling of DC Motors
3.5.1 First-Order LOR DC Motor

Transfer Fcn
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0.0076s + 1

Figure 3. LQR First-Order Modelling of a DC Motor

Figure 3 shows the Simulink implementation of a first-order LQR controller for the 1G 42-GM DC motor.
The first-order transfer function G(s)=0.0143/(0.0076s+1) is derived from the motor datasheet. The LQR
block computes the optimal control gain K from the state-space matrices A, B, C, and the weighting
matrices Q and R. The control law #=—Kx minimizes the quadratic cost function, producing a smooth speed
response with zero steady-state error.

3.5.2 First-Order LOT DC Motor

T o _ 0.0143 D
" . 0.00765 + 1

LaQT Transfer Fcn

Y

Figure 4. LQT First-Order Modelling of a DC Motor

Figure 4 depicts the first-order LQT Simulink model for the IG 42-GM DC motor. Unlike LQR, the LQT
configuration incorporates a reference trajectory input, enabling the system output to follow a desired setpoint
trajectory. The tracking error is integrated into the performance index minimization, and the MATLAB function solves
the algebraic Riccati equation to produce the feedback gain matrix K = R™!BTP . Simulation results show that LQT
achieves the intended setpoint of 1.0 under both noise-free and noisy conditions, with no undershoot observed in either
scenario.

3.5.3 First-Order LOR DC Motor with Noise
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h A

AA

>+ In i : . Outl . 0.0143 +
5 > 0.0076s + 1 X

Figure 5. LQR First-Order Modelling of a DC Motor with Noise

Figure 5 illustrates the first-order LQR model with additive noise injected into the system. The noise block simulates
real-world electrical interference, sensor noise, or load disturbances commonly present in industrial DC motor
environments. The LQR controller demonstrates robustness by maintaining the setpoint output at 1.0 despite the
presence of noise, although the waveform becomes irregular. This confirms LQR's disturbance rejection capability
under non-ideal operating conditions.
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3.5.4 First-Order LOT DC Motor with Noise
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Figure 6. LQT First-Order Modelling of a DC Motor with Noise

Figure 6 presents the LQT model under noisy conditions. The injection of noise into the feedback path simulates
real-world measurement uncertainties. Simulation results (Table 2) indicate that LQT with noise maintains the
intended setpoint of 1.0; however, the additional noise input produces an irregular waveform response. This suggests
that LQT is more sensitive to high-frequency noise compared to LQR, requiring additional filtering or higher
weighting on control effort (R) to improve noise immunity.
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Figure 7. Specifications of the IG 42-GM DC Motor

Figure 7 displays the key electromechanical specifications of the IG 42-GM DC motor used in this study. The torque
constant (=78g/cm=0.0076N/m) and current rating (/=0.53A) are highlighted. These parameters are essential for
deriving the first-order transfer function, where the DC motor coefficient K=7//=0.0143. Additional parameters
includle moment  of  inertiaJ=110.25g-cm?,  damping  ratio »=2.2,  resistance R=22.641Q,  and
inductance L=0.000325H, all of which are used in the state-space representation (Equations 3 and 8).

- T =78g/cm = (0,0076 N/m
- Rated Current =530mA=0,53 A

- Voltage =12V

- Rated Speed = 5290 rpm = 553.96 m/s
- G =22

- Resistance =22,641 ohm

- Inductance =0.000325 H

- Momen of Inertia :% x m(R12 + R2%)

:§ x 0,36(17,52 + 17,52)
=110,25 kg\m?
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3.6 First- and Second-Order Mathematical Models

3.6.1 First-Order
General form of a first-order transfer function

K
cs+1

G(s) =

(13)

First-Order DC Motor Based on the DC motor datasheet, the following first-order equation is obtained:
Where r = K. i, so that

c _ 00076

K=-= = 0,0143 (14)
i 0,53
Note:
K =DC motor coefficient
r = DC motor torque
I = DC motor current
Thus, the first-order equation for a DC motor is obtained:
0,0143
G(s) = 0,0076s (13)

3.6.2 Second-Order
The general form of a second-order transfer function is as follows:

wn?

G(s) = (16)

s2+ 2¢wns+wn?

Based on the DC motor datasheet, the following second-order equation for the DC motor is obtained:

_ (314)2

G(s) = 52+2(16)(314)5+(314)? "
98596

G(S) = i To0assromm0 (18)

Note:
wn = Natural Frequency

¢ = Damping Ratio

3.7 MATLAB Script for a Linear Quadratic Regulator

1. % OPTIMASI SISTEM LOR PADA MOTOR DC

2. clear;

3. clc;

4. % Model Motor DC IG 42-GM

5.7 = 110.25 ; b= 2.2 ; K= 0.0196 ; R= 22.641 ; L = 0.000325 ;

6. $ J = Momeninesia , b = Rasioredam, K= konstanta, R= resistansi, L=
7. % Induktansi

8. A = [-b/J K/J; -K/L -R/L];
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9.B = [0; 1/L];

10. ¢ = 1[1 0]

11.

12. 2AA = [ A zeros(2,1); -C 01;
13. BB = [B;0];

14.

15. % Pole Placement
lo. J = [-3 -4 -5];
17. K = acker (AA,BB,J);
18. KI = -K(3);

19. KK = [K(1) K(2)]1;
20.

21. % MatrixLQR

22. Q= [1 0 0;

23. 01 0;

24 . 0 0 10007;

25. R = [1];

26.

27. K lgr = lqgr(AA,BB,Q,R)
28. KI2 = -K 1lgr(3);

29. KK2 = [K lgr(l) K lgr(2)];

3.8 MATLAB Script for a Linear Quadratic Tracking

1. % OPTIMASI SISTEM LQT PADA MOTOR DC

2. clear;

3. clc;

4. % Model Motor DC IG 42-GM

5.7 = 110.25 ; b= 2.2 ; K= 0.0196 ; R= 22.641 ; L = 0.000325 ;

6. $ J = Momeninersia , b = Rasioredam, K= konstanta, R= resistansi,
L=Induktansi

7.A = [-b/J K/J; -K/L -R/L]; %A

8.B = [0; 1/L]; 4B

9.Cc =11 0] sC

10.

11. 0=10; R=0.0000000001; %0.00000000000001 \\KI
12. W=C'*Q; S%KK

13.

14. [S,0,m,n]=care (A,B,C'*Q*C,R) %m=v(t) %S=P
15. K=inv (R) *B'*S %feedback Gain

16. ACL=(A-B*K)'

17. L=inv (R) *B' %model following gain

Iv. RESULTS AND DISCUSSIONS

The input and output values for the Linear Quadratic Regulator and Linear Quadratic Tracking techniques
are displayed in the simulation results. Because the MATLAB Simulink circuits utilised in each experiment
are distinct, each experiment produces a new set of findings. In certain MATLAB results, the values surpass
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the calculation limitations, making it impossible to ascertain the precise simulation results; in other noise-
based simulations, the graphs are challenging to understand due to the wide range of simulation inputs.

Notes:

A =TUK SISO
B =TUK SISO with NOISE

4.1 Results of DC Motor Simulation

Tabel 1. Results of the LQR and LQT Simulations

Without Noise
Set Point Undershoot

Methods Scope

LQR 1 -

LQT 1 ]

The output of the first-order LQR DC motor hits the intended set point, but the first-order LQT DC motor
does not, according to the oscilloscope's data. The step input values are shown on the blue graphs. The
output of the first-order LQR and LQT DC motors is shown on the orange graph.

4.2 Simulation Results for a DC Motor with Noise

It is evident from the oscilloscope findings that the output of the first-order LQR and LQT systems for
this DC motor noise meets the intended set point; nevertheless, further input noise results in an irregular
waveform. For this DC motor noise, the orange waveform shows the output of the first-order LQR and LQT
systems, while the blue waveform shows the step input.
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Tabel 2. Simulation Results for a DC Motor with Noise.

With Noise

Metode Scope
Set Point Undershoot

LQR : 1 0,5

LQT

V. CONCLUSIONS AND RECOMMENDATIONS

The step response of the LQR and LQT systems for a DC motor must be determined using the transfer
function obtained from the first-order modelling of the DC motor when running Simulink simulations in
MATLAB. A supporting DC motor datasheet is needed in order to receive the first-order DC motor's
mathematical model. The IG 42-GM DC motor datasheet was utilised in this experiment. The intended set-
point output of 1 and a 0.5 undershoot in the LQR noise were obtained from the simulation results for the
LQR and LQT systems utilising the transfer function from the first-order mathematical model of the 1G 42-
GM DC motor with noise.
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