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The field of automatic control plays a crucial role in advancing science

Article history: and technology. Among various actuators, DC motors are widely used

Received 01 but are often prone to overshoot due to their high initial torque and
February, 2025 generally unstable performance characteristics. This study aims to
Revised 15 March determine the most effective control approach for optimizing the

performance of the Maxon RE36 DC motor. Two control strategies are
2025 evaluated: the Linear Quadratic Regulator (LQR) and the Linear
Accepted 10 May, Quadratic Tracking (LQT) method. In a first-order system analysis, the
2025 motor's output significantly deviated from the target setpoint of 1,
exhibiting an overshoot of approximately 0.505%. The application of
the LQR method in output response modeling effectively reached the
setpoint without any occurrence of overshoot or undershoot.
Conversely, the LQT method achieved the setpoint but introduced a
5.851% undershoot and a 0.7% overshoot, although it demonstrated a
rapid response time, achieving steady-state within approximately +0.5
seconds.Experimental results on the Maxon RE36 DC motor revealed
that while the LQT method offered faster settling times, the LQR
method produced a cleaner response with no overshoot or ripple,
making it more suitable for precision optimization of the motor's
dynamic performance.
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1. Introduction

Automatic control systems have become a fundamental component in the evolution of
science and technology. Advances in automation have enabled more efficient measurement of
system performance, reduced repetitive manual labor, and enhanced productivity [1-3]. System
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identification is essential for understanding the behavior of a system, and this is typically achieved
by developing a mathematical model based on the system’s physical components. Once the
mathematical representation is derived, the corresponding transfer function can be obtained,
allowing for analysis of the system’s response characteristics under various inputs. This information
forms the basis for designing appropriate control strategies to ensure that the system operates as
desired [4].

DC motors are known for their tendency to exhibit overshoot due to their high starting torque
and are often associated with unstable performance [5][6]. To analyze and understand these
characteristics, itis necessary to perform system identification by modeling the motor’s specifications
such as those found in its datasheet into mathematical form. This process yields a transfer function,
which is then used to evaluate how the system responds to a range of input signals. Although DC
motors are capable of delivering rapid responses, they commonly experience steady-state error. To
address such limitations, a control system must be designed. Control systems are typically
implemented to handle issues such as overshoot, settling time, and overall system stability to meet
specific performance requirements [7-9]. Among the various optimization control strategies
available, Linear Quadratic Regulator (LQR) and Linear Quadratic Tracking (LQT) methods are
widely recognized [10].

With reference to the previously discussed challenges, this paper is focused on analyzing
and identifying the effectiveness of LQR and LQT as optimization control methods. Drawing from the
subject of system optimization, both techniques are applied to a DC motor equipped with a detailed
datasheet [11][12]. The selected motor for this study is the Maxon RE36 DC motor, which includes
specifications such as moment of inertia, motor constant, damping ratio, resistance, and inductance.
These parameters are implemented through MATLAB scripting and simulated in a Simulink block
diagram to observe the system’s step response. The study further evaluates the performance of
LQR and LQT control strategies both in the presence and absence of noise, providing insights into
their robustness and efficiency [13].

2. Research Method
2.1. DC Motor

Electric motors function by converting electrical energy into mechanical energy. Most electric
motors operate based on the interaction between magnetic fields and current-carrying conductors,
which produces rotational motion. A DC motor typically consists of key components such as a rotor
and a stator. The rotor is composed of a shaft, core, armature windings, and a commutator [14]. The
DC motor employed in this study is a specially designed high-speed variant. This particular type of
DC motor includes a separately excited field winding, which is powered by an independent external
source [15]. In such motors, both power output and rotational speed are enhanced due to the
separate excitation, where the field current is supplied independently of the armature circuit, allowing
for greater control and improved performance.

Figure 1. DC Motor
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A DC motor can be represented through a combination of electrical and mechanical structural
models. The electrical structure reflects the armature winding circuit, which consists of a resistance
in series with the inductive impedance of the winding [16]. On the other hand, the mechanical
structure includes the rotor's moment of inertia, as well as the effects of torque and friction generated
by the motor's motion.
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Figure 2. Model of DC Motor

The mathematical model of a first-order DC motor system is generally represented by
equations (1) and (2).

K

6() =5 M
Desription :

G(s) =Gen

K = Constanta

T = Torque

i = Ampere

2.2. Linear Quadratic Regulator (LQR)

The Linear Quadratic Regulator (LQR) is an optimal control strategy designed to return the
system to a desired final state while minimizing a defined cost function [17]. This method focuses on
determining the optimal state feedback gain (K). Consider a system, or plant, represented in state-
space form as shown in Equation (3).

x = Ax + Bu 3)

Alongside its state-space representation, the system is also associated with a performance
index that serves as the cost function to be minimized:

] = fow[xTQx + uTRu] dt 4)

Where:
Q = symmetric matrix, positive semi definite, real (Q=0)
R = symmetric matrix, positive definite, real (R>0).
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LQR finds the optimal control input law u*. The constraints imposed by the Q and R matrices
minimize the performance index. The closed-loop optimal control law is defined as:
u* = —Kx (5)

Here, K denotes the optimal state feedback gain matrix. This matrix functions to minimize the
performance index by determining the appropriate placement of the closed-loop poles. The value of
K is influenced by the system matrices A and B, as well as the weighting matrices Q and R. The
optimal gain matrix K is obtained by solving the Algebraic Riccati Equation (ARE) [18]. The solution
to this equation yields a symmetric and positive definite matrix P, which is defined as follows:

ATP+PA—PBR™BTP+(Q =0 (6)

K = AX — BKx = (A — BK)x 7)
Substitute equations (8) and (9) to get

x =AX — BKx = (A— BK)x (8)

The block diagram showing the LQR configuration is shown in Figure 3.
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Figure 3. LQR Block Diagram

2.3. Linear Quadratic Tracking (LQT)

The Linear Quadratic Tracking (LQT) method is a linear control strategy designed to ensure
that the system output accurately follows a desired reference trajectory [19]. LQT incorporates
standard state feedback for linear dynamic systems, supplemented with an additional feedforward
control term. This feedforward component is dependent on the reference signal vector, r(t), which is
expressed as follows:

r(t) = [Vrer(t) O] )

The LQT framework minimizes a quadratic performance index to determine the optimal
control strategy. This objective can be formulated through the following equation:

e=z-y (10)
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J =3 WOF(EPetf) + 5 [ xTQx +uTRu] dt (11)

In this formulation, Q and R represent the state and control weighting matrices, respectively.
These matrices are selected such that Q = QT =20 and R = RT > 0. Due to the quadratic nature of the
cost function, the control signal is directly influenced by the squared variations in the system states.
Consequently, when the deviations in state variables are large, the minimization process becomes
more pronounced, leading to a faster convergence rate.

r +

O
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Figure 4. LQT Block Diagram
2.3. Simulation

Simulation is a learning method that utilizes real-world situations or processes to deliver
instructional experiences. In this study, simulations are conducted using MATLAB software.
MATLAB (short for Matrix Laboratory) is a high-level programming language and environment
designed for numerical computation and analysis. Initially developed as an interface for numerical
routines from the LINPACK and EISPACK projects and originally written in FORTRAN, MATLAB has
since evolved into a commercial product developed by MathWorks, Inc., now written in C++ and
assembler for enhanced performance [20].

To observe the dynamic response of the DC motor, the Simulink feature within MATLAB is
employed. Simulink provides a graphical environment for simulating analog signals, discrete signals,
and hybrid systems that involve both continuous and discrete dynamics. The simulation model also
incorporates subsystem blocks to structure and manage complex components within the system.
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Figure 5. Interface of Matlab software and Simulink
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3. Results And Discussion

3.1. DC Motor Maxon RE36 Datasheet

118799 [T 118801

Motor Data [
1 Assigned power rating W] 70 70 70 70 70
2 Mominal woltage Volt | 1801 240 320 420 420
3 No load speed rpm | 6610) 6210 6730 7020 6340
4 Stall torque miNm| 730 | 783 B32 865 786
& Speed/torque gradient rpm/mNm | 923 | 8.05 827 B19 814
6 Mo load current mA | 153 | 105 89 70 61
7 Starting current Al 286) 215 187 153 126
8 Terminal resistance Chm j0628) 1.11 171 275 335
9 Max. permissible speed rpm | 8200] 8200 8200 8200 8200
10 Max. continuous current Al 318 244 199 1589 144
11 Max. continuous torque mNm|] 81 | 888 885 898 904
12 Max. power output at nominal voltage W 123 | 125 146 157 129
13 Max. efficiency %] B4 85 B 86 86
14 Torque constant mNm/A| 255 364 445 566 626
15 Speed constant mpm/V] 375 | 263 215 169 152
16 Mechanical time constant ms| 6 E 6 & 6
17 Rotor inertia gené | 60.2 | 67.7 652 654 656
18 Terminal inductance mH| 0.10) 0.20 030 045 060
19 Thermal resistance housing-ambient KiwW| 64| 64 64 64 64
20 Thermal resistance rotor-housing K/wj| 34| 34 34 34 34
21 Thermal time constant winding s 38 43 41 41 41

Figure 6. Maxon RE 36 DC Motor Datasheet

The first-order transfer function is derived using Equation (1), resulting in the following
expression:

. T 0081 053
i 0153 ’
First order equation of DC motor:
c _ 0,53
() = Go81s + 1

A. Design LQR Circuit on DC Motor Maxon RE 36
e Maxon RE 36 DC Motor Circuit 1st Order

I + » 0.53 - D

- 0.081s+1

Figure 7. Maxon RE 36 DC Motor Circuit 1st Order
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Figure 8. Maxon RE 36 DC Motor Circuit with LQR
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Figure 9. Subsystem LQR without noise

e LOR Subsystem circuit with noise
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Figure 10. Subsystem LQR with noise

e Script Program LQR

clear;

clc;

% Model Motor DC

J=60200 ;b=0.1;K=0.53;R=0.628;L =0.0001;
A = [-b/J K/J; -K/L -RI/L];

B =[0; 1/L];

C=[10]

AA =] A zeros(2,1); -C O];

BB =[B;0];

% Pole Placement
J=[-3-4-5]

K = acker(AA,BB,J);
Kl = -K(3),
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KK = [K(1) K(2)];
% Matrix LQR
Q=[100;
010;
0 0 1000j;
R=[1];

K_Igr = Igr(AA,BB,Q,R)

Ki2 = -K_Igr(3);

KK2 = [K_Igr(1) K_Igr(2)];

B. Design LQT Circuit on DC Motor Maxon RE 36

e LQT Circuit
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Figure 11. Maxon RE 36 DC Motor Circuit with LQT
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Figure 12. Subsystem LQT without noise
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Figure 13. Subsystem LQT with noise
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e Script Program LQT
clear; clc;
% Model Motor DC
J=0.0000602 ; b=0.1 ; K=0.53 ; R=0.628 ; L =0.0001 ;
A =[-b/J K/J; -K/L -RIL];
B =[0; 1/L];
C=[10];
D=0;
Q=10000;
R=0.001;
%S=P
[S,0,m,n]=care(A,B,C*Q*C,R);
k = inv(R)*B"*S
w = C*Q;
AB =(A-B*k)";
ABT = AB;
RB=inv(R)*B";

3.2. LQR Simulation

Table 1. Comparation result LQR Simulation
Circuit Step Response

DC Motor
Maxon RE
36 order 1

Subsystem
LQR Without
noise
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Subsystem
LQR With
noise
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Based on the table above, the output response modeling shows that the yellow signal
represents the desired setpoint, while the blue signal indicates the actual response of the Maxon
RE36 DC motor. In the first-order model, the motor’s output remains significantly distant from the
desired setpoint value of 1. This model exhibits an overshoot of approximately 0.505%. The Maxon
RE36 motor demonstrates linear characteristics, as indicated by the smooth response curve without
noticeable ripple.

When using the LQR method for output response modeling, the system output aligns
precisely with the target setpoint of 1. The motor’s response successfully reaches the setpoint
without any overshoot or undershoot. From the table, it is also evident that the yellow signal
representing the LQR-based response changes in shape once noise is introduced. Although the
output closely tracks the LQT-based response, it exhibits significant ripple and mimics the shape of
the injected noise signal.

Table 2. Comparation result LQT Simulation

Circuit Step Response

Motor DC
Maxon RE
36 order 1

Subsystem
LQT Without
noise
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Subsystem
LQT With
noise
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According to the table above, the yellow signal represents the desired setpoint, while the blue
signal illustrates the actual output response of the Maxon RE36 DC motor. In the first-order system
model, the motor's output remains notably distant from the target setpoint of 1. This first-order
response exhibits an overshoot of approximately 0.505%. The observed Maxon RE36 motor shows
linear behavior, as indicated by the absence of ripples in the signal waveform.

In the response modeling using the LQT method, the output successfully reaches the desired
setpoint of 1. However, despite achieving the setpoint, the system experiences an undershoot of
5.851% and an overshoot of 0.7%. For a reference setpoint of 0.5, the system demonstrates a very
fastrise time, reaching steady state in approximately 0.5 seconds. Nonetheless, the response initially
overshoots before settling, and a small ripple becomes visible upon closer inspection of the graph.
Furthermore, the table reveals that the yellow signal—representing the output response of the
Maxon RE36 DC motor using the LQR method—undergoes noticeable shape changes after noise
is introduced. Although the output tends to follow the trajectory produced by the LQT method, it
shows more pronounced ripple and closely mirrors the characteristics of the injected noise signal.

4. Conclusion

Based on the experiments conducted on the Maxon RE36 DC motor, it can be concluded
that the LQR method yields the most optimal response. This approach enables the motor to reach
the desired setpoint without any overshoot or undershoot. Furthermore, the time required to reach
steady state using LQR is faster compared to the system without any control method applied.
However, when noise is introduced, the LQR-controlled system produces an output that mimics the
injected noise, resulting in a non-linear response. Although the general trend remains similar to the
noise-free case, the signal's shape reflects the characteristics of the noise. In contrast, the
implementation of the LQT method results in a faster response time. Nevertheless, itis accompanied
by a slight overshoot and minor ripple. When noise is introduced under LQT control, the motor
response closely follows the noisy reference signal, again producing a non-linear system behavior.
Overall, the LQR method is preferable for optimizing the performance of the Maxon RE36 DC motor.
Despite taking slightly longer to reach steady state compared to LQT, it offers superior stability with
no overshoot or ripple, making it highly suitable for precision control applications involving this type
of motor.
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