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1. INTRODUCTION 

Direct Current (DC) motors are used in industrial applications 

involving position and speed control. The advantages of DC 

motors are lower power consumption and high torque 

characteristics compared to AC motors [1]. Thanks to these 

features, it is preferred in applications requiring different speed 

range variations and high torque [2]. A proportional Integral 

Derivative (PID) controller is generally preferred in these 

applications. Kp, Ki, and Kd parameters in the structure of the PID 

controller are adjusted manually based on the knowledge of the 

technicians [3]. For more successful control, schemas, these 

parameters are optimized using methods such as the Ziegler-

Nicholes method, PID tuner, and ant colony algorithm [4].  The 

best settling time of the DC motor and the least overshot are 

targeted with these optimization techniques [5]. Since industrial 

applications generally contain non-linear characteristics, linear 

controllers fail to give good dynamic responses when changing 

states. This results in large overshoot and long settling times [6]. 

Therefore, there is a need for the Linear Quadratic Regulator 

(LQR) control technique that can optimize the control solution 

[7]. The main focus of this article is to control the DC motor's 

speed control system's input voltage with LQR. 

In speed control with LQR, the cost function, which includes 

the weights of the inputs and situations, is optimized to obtain 

transient and steady-state performances [8, 9]. High 

dimensionality and numerical stiffness can be alleviated with this 

optimization [10]. However, this solution is obtained by 

necessarily equaling the individual perturbation parameter to 

zero [11]. In addition, harmonic distortions and individual 

perturbation negatively affect accuracy in nonlinear DC motor 

speed control [12]. Although there are different approaches to the 

solution of this problem, the problem is optimized by using an 

observer-based control scheme together with the LQR controller 

[13, 14]. 

Wang et al. proposed a linear quadratic regulator (LQR) 

optimized backpropagation neural network (BPNN) PI 

controller, called LN-PI, for speed control of a brushless direct 

current (BLDC) motor. Performance analysis of the proposed 

controller is presented under Matrix Laboratory (MATLAB) / 

Simulink for comparison with traditional PI controller, neural 

network PI controller, and LQR optimized PI controller. As a 

result of the experiments, the proposed controller improves the 

response speed effectively, reduces the steady-state error, and 

improves the anti-interference feature [15]. Ahmad et al. 

developed an optimal control for the quadcopter's position and 

yaw control based on the linear quadratic regulator (LQR). 

Quadcopter dynamics, their behavior has been described in three-

dimensional spaces.   The improved LQR based controller was
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The design of Direct Current (DC) motor speed control, which is preferred due to its 

high torque in industrial applications, is a challenging task. The Linear Quadratic 

Regulator (LQR) controller ensures the well-controlled behavior of the system by 

minimizing the error in speed control. This can only be achieved if the rank of the 

controllability matrix is maximum. The rank value of the MT2240A DC motor used 

in the study is calculated as one. In this study, the LQR controller enriched with an 

observed-based design was used to overcome this problem.  In the experiments, the 

transient and steady-state behavior metrics of the speed control were compared in the 

simulation environment of the plant controlled by the Proportional Integral 

Derivative (PID) controller, and the closed-loop response of the plant to determine 

the efficiency of the presented design. It was observed that the LQR controller has 

an optimum response with more effective transient and steady-state responses 

compared to the PID controller. This result enabled the LQR controller design, which 

was inadequate in terms of controllability, and the results is proved that the 

observation-based LQR controller dynamically responded better. 
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used for speed control of motors in propellers [16]. Maghfiroh et 

al. tried to use the LQR controller to reduce energy consumption 

in the DC motor control system. The test results show that the 

LQR method has lower energy consumption and a better Integral 

Square Error (ISE) performance compared to the PID controller 

[17]. Masroor et al. presented an innovative method to address the 

synchronous speed problem in DC motors using the leading 

follower multi-factor system (MAS) consensus algorithm with 

linear quadratic regulator control. From the MAS perspective, 

each chopper powered by the DC motor is considered to be the 

only agent connected over the fixed and undirected network. In 

this work, the common Lyapunov function is used to ensure key 

system stability. To verify the proposed method, the simulation 

results are presented using MATLAB, taking into account the 

application of the load to the motors and without load [18]. Bharti 

et al. proposed a switched LQR speed controller for a linear DC 

motor plant model and compared transient responses and steady-

state responses with a cascade controller for the same linear DC 

motor plant model [19]. Sharma proposed an alternative 

technique for the speed of the DC motor via a nonlinear controller 

designed by an artificial neural network (ANN) [20]. Aravind et 

al. designed an LQR controller for DC motor speed control [21]. 

In this study, the effect of the LQR approach on speed control 

of a Baldor MT-2240A model DC motor was presented in a 

simulation environment. The mathematical model of the plant 

was obtained with the datasheet parameters of the DC motor. The 

analysis performed by connecting the PID controller optimized 

with the PID tuner in the MATLAB program to this model was 

tested in comparison with the LQR controller presented in the 

study. The LQR controller, which was designed based on the 

observer, which is effective against the speed control of the DC 

motor, which is a nonlinear control, provided more successful 

results in the settling time and overshoot criteria. This result has 

proven the effective contribution of the LQR controller, 

especially in applications where speed control of the DC motor is 

important. 

 

2. MATERIAL AND METHODS  

2.1. Proposed Method  

The rank value for controllability must be obtained as much 

as the size of the A matrix for the LQR controller used in the speed 

control of the DC motor. The controllability rank value of the DC 

motor used in this study can only be found as one. It is not possible 

to design an LQR controller with this value. For this reason, with 

the observer model design, both the LQR controller can be 

designed independently of controllability, and the motor can catch 

the desired reference speed value with the feedback performed 

according to the results obtained from the observation. The LQR 

controller was designed in the simulation environment with the 

system design as shown in Figure 1. The plant settled at the 

reference value by using the K gain values and the contribution of 

the L value. As a result, the most optimum solution was obtained 

by running multiple simulations with the LQR controller. 

 

2.2. State Space Model of Control System for a DC Motor  

While a DC motor is modeled mathematically, it is handled in 

two parts electrical and mechanical parts. The electrical part is 

generally called armature and consists of a resistor and coil. The 

mechanical part starts to rotate with the stimulation in the 

mechanical part with the stress applied to this part. In the 

mechanical part, there is inertia, opposing EMF, and torque 

constant parameters of the motor [22]. In the model proposed by 

Isermann, it is accepted as a linear converter that converts input 

motor current into torque output [23].  The input voltage is 

changed by a controller with a constant voltage drop in brush and 

rotor resistance to control the angular velocity. In general, 

inductance (L) depends on the motor current that creates the 

driving torque. When this block diagram is designed with the 

state-space model, the open-loop model in Figure 1 is obtained. 

An open-loop plant is obtained with the state-space model's A, B, 

C, and D matrices [24]. 

Armature-controlled DC motor consists of two parts in 

mathematical modeling. These are models of electrical and 

mechanical parts. Differential equations are used to obtain these 

models. The mechanical part of the armature-controlled DC 

motor is expressed as in Equation (1). 

𝐽.
𝑑𝜔(𝑡)

𝑑𝑡
+ 𝐵.𝜔(𝑡) = 𝑇𝑚(𝑡)     (1) 
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Fig. 1. Observed based LQR controller with DC motor speed control architecture. 
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In Equation (1), J denotes a moment of inertia and, B denotes 

viscous dumping. The electrical part of the DC motor is expressed 

by Equation (2).  

 

𝐿.
𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑅. 𝑖𝑎(𝑡) = 𝑣𝑎(𝑡) − 𝑣𝑏(𝑡)    (2) 

 

In Equation (2), 𝑅𝑎 is the armature resistance and 𝐿𝑎 is the 

armature inductance. With the voltage to be applied to the 

armature part of the motor, the mechanical movement of the 

motor is realized.  In addition, 𝑣𝑎 denotes the armature voltage, 

while 𝑣𝑏 denotes the back electromotive force voltage. 

Conversions between the mechanical part and the electrical part 

are mathematically provided by the coefficients 𝐾𝑒 and 𝐾𝑡. The 

relationship 𝐾𝑒 between speed and voltage and the coefficient 𝐾𝑡 

between torque and current is expressed by Equation (3). 
 

𝑣𝑏 = 𝐾𝑒 . 𝜔(𝑡), 𝑇𝑚(𝑡) = 𝐾𝑡 . 𝑖𝑎(𝑡)     (3) 
 

An observer-based design requires a state-space model. The 

state-space model enables time-dependent analysis. Equation (4) 

is obtained when using the given Equation (1), Equation (2), and 

Equation (3) to switch to the state-space model. In addition, other 

parameters of the motor used in the study are continuous stall 

torque is 0.21, the continuous current is 2.05 A, peak torque is 1.4 

Nm, peak current is 12.3 A, voltage constant is 12 V. 

The A, B, C, and D matrices of the DC motor model designed 

with the state-space model are presented in Equation (4). These 

matrices are obtained with the DC motor parameters used in this 

study and presented in Table (1). 
 

𝐴 =

[
 
 
 
 
 
0 1 0 0
0 0 1 0

0
𝑅

𝐿
0

𝐾𝑡

𝐽

1 −
𝐾𝑒

𝐿
0 −

𝑏

𝐽]
 
 
 
 
 

, 𝐵 =

[
 
 
 
 
 
0 0
1

𝐿
0

0 0

0 −
1

𝐽]
 
 
 
 
 

, 

𝐶 = [
0 1 0 0
0 0 0 1

] , 𝐷 = [0] 

(4) 

 

Table 1. Physical parameters of the DC motor model. 

Parameters Descriptions Unit Values 

𝑉𝑎 Input voltage Volt R(s) 

𝜔 Angular velocity of 

the shaft 

Rad/s C(s) 

R Armature resistance Ohm 4𝛺 

L Armature inductance Henry 7.7mH 

J Moment of inertia Kg/m2 0.35 

𝐾𝑡 Torque constant of the 

motor 

Nm/Amp 0.115 

𝐾𝑒 Back EMF constant V/rad/s 0.115 

 

Before the LQR is applied to the controller, the rank value 

obtained with the controllability of the system should be four. For 

this reason, when the controllability of the plant is inspected, the 

controller design that can meet the desired requirements has 

become possible. The poles of the system were obtained as -

0.0094 + 0.0000i, 0.0047 + 72.0750i, 0.0047 -72.0750i and 

1.0000 + 0.0000i, respectively. 

2.3. Linear Quadratic Regulator 

The LQR controller is designed using a state-space model. In 

this design, Q and R weight matrices are obtained. Position and 

speed control is provided with the cost function obtained with the 

content of these matrices. In LQR for a controllable linear time-

invariant (LTI) system, the optimal control signal is defined by 

solving the algebraic Riccati equation [25]. This study used the 

LQR controller, which is designed based on an integrator and 

observer. The LQR controller, which is named the perfect 

controller, was obtained by using the integrator included in the 

control. The motor was ensured to fit the desired speed value. An 

optimal LQR controller adapted to an armature-controlled DC 

motor is shown in Figure 2. 

The most important parameter in obtaining the optimum 

solution in the LQR controller is the gain matrix K gain matrix 

[26]. To calculate this matrix, the control input must be applied to 

the state-space model as in Equation (5). 

 

𝑋0 = 𝐴. 𝑋 + 𝐵. 𝑢(𝑋(𝑡0)), 𝑌 = 𝐶. 𝑋 + 𝐷. 𝑢(𝑡) (5) 

1

𝐿𝑠 + 𝑅
 

1

𝐽𝑠 + 𝐵
 𝐾𝑡 

𝐾𝑒 

𝑢 = −𝐾.𝑊(𝑠) 

𝐸𝑎(𝑠) 

𝐸𝑏(𝑠) 

𝐸(𝑠) 𝐼(𝑠) 𝑇(𝑠) 𝑊(𝑠) 

𝐿𝑄𝑅 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 

Fig. 2. Optimal LQR controller with DC motor speed control.  
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In Equation (5), X denotes the state vector, A state transition 

matrix, B control matrix, C output matrix, and u(t) control signal. 

X0 represents the initial values of the state vectors of the model. 

The Q and R matrices of the LQR controller are obtained with J 

notation using Equation (6).  
 

𝐽(𝑋, 𝑢, 𝑄, 𝑅) = ∫(𝑋𝑇 . 𝑄. 𝑋 + 𝑢𝑇𝑅. 𝑢)𝑑𝑡 (6) 

In Equation (3), R is the weight matrix of the input variables 

and Q is the weight matrix of the state variables. The P value that 

is shown in Equation (7) is calculated by using these matrices. 

𝑃. 𝐴 + 𝐴𝑇 . 𝑃 − 𝑃. 𝐵. 𝑅−1. 𝐵𝑇 . 𝑃 + 𝑄 = 0 (7) 

Equation (4) provides the P matrix K gain values calculated by 

using state-space matrices and R and Q matrices. U control signal 

is generated with the K matrix obtained by multiplying the RBP 

matrices in Equation (8). 

𝐾 = 𝑅−1. 𝐵𝑇 . 𝑃, 𝑢(𝑡) = −𝐾. 𝑋(𝑡)               (8) 

 

3.  RESULTS AND DISCUSSION 

The A, B, C, and D matrices of the state-space model of the 

DC motor used in the study are obtained as in Equation (1). The 

K gain matrix values were obtained as 44.7213, 49.0701, and 

0.1762 respectively with the LQR controller based on the 

observation realized with these matrices.  In this study, the speed 

control of the DC motor was designed with an observed-based 

LQR controller. When the DC motor was operated in a closed 

loop without using the LQR controller, a very long residence time 

was obtained. Although there was no overshoot, the plant settled 

at the reference value with an error of almost 15%. The state 

variables of the system are presented in four matrices in Table 2. 

The relationship between each interconnected state is expressed 

as A, B, and C in Table 2. In this case, the transfer function for the 

compensator obtained was 44.72/𝑠. 

The motor simulated by perching with the PID tunnel 

effectively reached the reference value. A little overrun and fast 

settling time was provided by the PID controller. In the 

experiment with the proposed controller, the motor reached the 

reference input with a very small exceeding and a very fast 

settling time compared to the PID controller. Experimental results 

for all three conditions are expressed in Figure 3. The effective 

result has been achieved with the LQR controller. 

 

Table 2. Observer states of the proposed method. 

Parameters States X1 X2 X3 

 

A 

X1 -0.002 -787.8 -11.43 

X2 18.67 -5198 0 

X3 0 89.44 0 

 

B 

U1 0 0 8 

U2 0 785.1 0 

U3 0 2.821 0 

U4 2 0 0 

 

C 

Y1 1.429 1 0 

Y2 0 0 1 

Y3 0 0 0 

 

According to the unit-step input response performed in the 

experiments, the closed-loop response is compared to the PID 

controller and the observed-based LQR controller, whose gain 

coefficients Kp, Ki, and Kd are tested by the PID tuner. From the 

simulation results, it is seen that the LQR controller gives a good 

optimal response with better transient and steady-state behavior. 

The parameters of control responses are presented in Table 3. 

According to these results, a successful result was obtained in 

terms of rising time, settling time, and peak amount. 

Similar studies in the literature showed that the LQR 

controller was optimized with Q and R matrices [19, 27, 28]. The 

rank of the controllability matrix should be four for the design in 

this study to be able to control the speed of the DC motor with 

these matrices [29]. Since the controllability rating of the Baldor 

brand DC motor used in this study is one, it is not possible to get 

results with this solution. If even one of the columns of the Q 

matrix is zero, the LQR check is impossible. In the solution to this 

problem, an observational controller design was preferred. With 

this design, the speed control of the motor used in this study could 

be controlled by LQR based on observation over K. The optimum 

solution was obtained in the experiment with the PID tuner 

function presented in the MATLAB software [30]. A more 

successful result was obtained from the PID optimization offered 

with the LQR controller. 

Fig. 3. Unit step input response of the closed-loop (CL) plant, PID controlled plant, and observer-based LQR 

controlled plant. 
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In addition, in the results of the analysis, the ramp input and 

the system sides against a periodic noise with a certain frequency 

were also examined. The system responses according to the ramp 

input of the closed-loop model with PID controller and the models 

with LQR controller applied in this study are presented in Figure 

4. The LQR controller was found to be successful in responding 

faster to ramp input. In Figure 5, the model with sine input versus 

LQR controller has been proven as a result of experiments as 

having less phase shift and system response closest to the highest 

amplitude. 

 

Table 3. Performance metrics of the methods. 

Parameters CL LQR PID 

Rise Time 23.4674 1.1743 1.577 

Settling Time 41.7871 3.0406 12.1261 

Settling Min 0.7936 0.9084 0.9043 

Settling Max 0.8774 1.0319 1.112 

Overshoot 0 3.1911 11.1984 

Undershoot 0 0 0 

Peak 0.8774 1.0319 1.112 

Peak Time 112.6458 2.4389 4.3195 

 

 

Fig. 4. Unit ramp input response of the closed-loop plant, PID 

controlled plant, and observer-based LQR controlled plant. 

Generally, the PID controller is used in the control of the 

Baldor brand DC motor, which is operated as a result of 

simulation in the study. When the parameters of this controller are 

selected appropriately, it gives good results [31, 32, 33]. The 

Ziegler-Nicholes method in parameter selection allows 

mathematical calculation. However, optimum parameter 

calculations can be performed by using the optimization methods 

in the simulation environment and running them without setting 

up the real system. One of the most successful of these 

optimization methods is the PID tuner, which is investigated by 

Åström et al. [34]. PID coefficients can be calculated with this 

algorithm. The success graph of the Baldor DC motor used in the 

study was obtained as a result of simulation with the PID 

coefficients calculated optimally with these parameters and the 

parametric results obtained are presented in Table 3 and Figure 3. 

In addition, the raw behavior of the MT2240A simulation results 

obtained by applying a closed-loop is also given.  

 

 
Fig. 5. The system responds to a sine wave with a period of one 

second and a duration of four seconds for input response of the 

closed-loop plant, PID controlled plant, and observer-based 

LQR controlled plant. 

Similar studies in the literature showed that the LQR 

controller was optimized with Q and R matrices [18, 26, 27]. The 

rank of the controllability matrix should be four for the design in 

this study to be able to control the speed of the DC motor with 

these matrices [28]. Since the controllability matrix rank problem 

of the Baldor brand DC motor, an observational controller design 

was preferred. The speed control of the motor used in this study 

could be controlled by LQR based on observation over K with this 

design. The optimum solution was obtained in the experiment 

with the PID tuner function presented in the MATLAB software 

[29]. The LQR controller is generally operated with a rank of the 

controllability matrix in studies in the literature. However, when 

the controllability analysis of the DC motor used in the study is 

made from the state-space model, the rank matrix becomes 

incompatible. Therefore, it is not possible to design an LQR 

controller with the controllability matrix of the DC motor used in 

the study. It has been proven in this study that this problem can 

be solved with an observation-based control application. The DC 

motor can be controlled with a LQR controller that contains more 

robust results than the PID tuner by organizing the state space 

representation of the DC motor as in Equation (4).  

 

4. CONCLUSION 

In this paper, the speed control of the Baldor MT2210 DC 

motor, whose speed control is not possible with the controllability 

matrix rank LQR controller, was realized with an observational 

design. Instead of optimizing the Q and R matrices, the LQR 

controller was designed by adjusting the K value according to the 

result obtained from the observation. The experimental results of 

the designed design were compared with the closed-loop response 

and optimized PID controller results. The efficiency of the LQR 

controller has been proven in the simulation environment with 

successful results compared to the PID controller in terms of both 

settling time and excess amount. The reduction in settling time 

contributed to the rapid response, and the low amount of 

overshoot contributed in terms of vibration. 

In future studies, the relationship between the simulation 

results will be revealed by real-time control of the DC motor with 

the LQR controller. In addition, it is planned to investigate the 

effects of real-time control by comparing the behavior of the 

observer-based controller under different loads with the PID 

controller. 
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