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Abstract— DC motor is an electrical motor widely used for 

industrial applications, mostly to support production processes. 

It is known for its flexibility and operational-friendly 

characteristics. However, the speed of the DC motor needs to be 

controlled to have desired speed performance or transient 

response, especially when it is loaded. This paper aims to design 

a DC motor model and its speed controller. First, the state space 

representation of a DC motor was modeled. Then, the 

controllability and observability were analyzed. The transfer 

function was made based on the model after the model was 

ensured to be fully controllable and observable. Therefore, a 

fuzzy logic controller is employed as its speed controller. Fuzzy 

logic controller provides the best system performance among 

other algorithms; the overshoot was successfully eliminated, rise 

time was improved, and the steady-state error was minimized. 

The proposed control algorithm showed that the speed 

controller of the DC motor, which was designed based on the 

fuzzy logic controller, could quickly control the speed of the DC 

motor. The detail of resulted system performance was 2.427 

seconds of rising time, 11 seconds of settling time, and only 

required 12 seconds to reach the steady state. These results were 

proved faster and better than the system performance of PI and 

PID controllers. 

Keywords— controllability; observability; DC motor; Fuzzy 

logic controller; speed controller 

I. INTRODUCTION 

Fuzzy logic was first published in Berkeley by Lotfi 

Zadeh, a professor at the University of California, in 1965. 

The fundamental theory of fuzzy logic is the theory of fuzzy 

sets. According to the theory, the role of a membership degree 

in defining the existence of elements in a set is profoundly 

important [1]. Membership values or membership degree 

with a membership function is the main characteristic of 

reasoning with fuzzy logic [2]. In many cases, fuzzy logic is 

utilized to map problems from input to the desired output. 

There are several widely-known fuzzy methods: Mamdani 

[3], Sugeno [4], and Tsukamoto [5]. 

Fuzzy logic controller is an algorithm of artificial 

intelligence, commonly applied to control hardware systems. 

FLC is the most common predictive controller [6]. In 

robotics, FLC has been used for induction motors [7], two-

wheeled inverted pendulums [8], and UAVs [9]. In fact, many 

electrical and mechanical industrial components have been 

controlled with FLC-based controllers: electromagnetic 

stirrer [10], drive in drive inverter-fed [11], self-reluctance 

generator [12], and PMSM drive [13]. Several researchers 

also applied FLC for robot manipulators [14] and electrical 

vehicles [15][16], and even built FLC-based self-tuning 

actuators [17]. Moreover, FLC was also applied to overcome 

problems in advanced actuators, such as movement disorders 

in artificial neuromodulators [18]. FLC was also widely 

applied for longitudinal control [19] to attitude control [20]. 

In tracking control systems, FLC was applied for practical 

fixed-time tracking [21], path tracking [22], and position 

tracking [23]. Similarly, FLC was also widely used in 

navigation and coordination control systems, i.e., navigation 

for marine robots [24], cellular robots [25], and multi robots 

[26].  

The development of FLC cannot be separated from other 

technological advances. For example, FLC has been used in 

many conventional power generation and distribution 

systems: disturbance rejection in power distribution system 

[27], and frequency control in power system [28]. Since then, 

research on FLC-based systems has rapidly increased along 

with the development of microgrid and renewable energy-

based power generators, such as photovoltaic-based control 

systems [29][30] and wind turbines [31]. The most popular 

technique to maximize energy extraction in solar power 

systems is MPPT; many MPPT techniques are based on fuzzy 

algorithm [32][33][34]. The application is not limited to 

power-related systems; FLC was also proposed for the 

communication control of a smartgrid system [35]. Many 

other subsystems in microgrid systems are based on FLC: i.e., 

battery storage [36], reliability assessment [37], improved 

reliability control [38], and distributed energy management 

[39]. Many energy managements of varying advanced 

technologies used FLC: i.e., beam-pumping motor systems 
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[40], and heavy-duty emergency rescue vehicles [41]. 

Sometimes researchers even applied FLC for many purposes, 

as in research by Mu [42], which applied FLC for microgrid's 

intelligent frequency control while improving the battery 

storage and management system.  

The rapid development and broad application of FLC are 

due to its nature which is similar to the logic of human beings, 

enabling several factors to be considered simultaneously in 

the decision-making process. Other intelligent algorithms, 

such as Neural-Network [43], can consider several factors in 

their decision-making process. However, it is easier to design 

fuzzy-based systems with a rational rule base than complex 

equations or weighing processes in other intelligent 

algorithms.  

Another competitive solution is adaptive controllers, 

especially PI-based adaptive controllers [44]. Similarly, PID-

based controllers are widely used in industrial applications. 

Moreover, PID-based controllers are popular for speed 

control of many electrical motors [45][46]. 

This paper specifically proposed a design of a speed 

control algorithm based on fuzzy logic controller algorithm 

for universal DC motors. DC motors were chosen due to their 

broad industrial applications. The modeling of DC motor 

considered the controllability and observability of the 

obtained system model. Then, the proposed speed controller 

of the DC motor was applied with an optimization using the 

membership function of error and its derivative to obtain the 

best rising and settling time with no overshoot in the system 

response. The performance results were then compared to 

other closed-loop control algorithms such as PID-based 

controllers. 

II. DC MOTOR MODELING 

A Servo DC motor is an electric motor supplied by a DC 

voltage source. There are two types of servo DC motors: 

brushed DC motors and brushless DC motors. Servo DC 

motor is one of the electric motors commonly used as 

industrial actuators. 

The DC motor is modeled as in Fig. 1. Based on the 

figure, the working principle of a DC motor can be explained. 

A force will result when an electrical current flows in a 

magnetic field. The magnetic field in the DC motor can be 

obtained from an electromagnetic field or a permanent 

magnet. 

 

Fig. 1. A circuit of DC motor with permanent magnet 

Based on Fig. 1, two modeling of DC motor can be 

achieved: electrical modeling and mechanical modeling. 

Electrical modeling can be obtained using the Kirchoff Law 

of Voltage, which can be written as follows, 

𝑉𝑎(𝑡) = 𝑉𝑅𝑎
+ 𝑉𝐿𝑎

+ 𝑒𝑏  

𝑉𝑎(𝑡) = 𝑅𝑎𝑖𝑎(𝑡) + 𝐿𝑎

𝑑𝑖𝑎
𝑑𝑡

+ 𝑒𝑏 (1) 

where 𝑉𝑎 is an input voltage to the DC motor, 𝑅𝑎 is the 

electrical resistance, 𝐿𝑎 is the electrical inductance, and 𝑒𝑏 is 

the back electromotive force (EMF). 

Meanwhile, the mathematical equation for the back 

electromotive force (EMF) can be expressed as follows, 

𝑒𝑏 = 𝐾𝑏𝜔(𝑡) (2) 

where 𝐾𝑏 is a constant for the electromotive force and 𝜔(𝑡) 

is an angular acceleration of the DC motor. The equation for 

the angular acceleration of the DC motor can be written as, 

𝜔(𝑡) =
𝑑𝜃

𝑑𝑡
 (3) 

Then, the equations for the angular acceleration and the 

back electromotive force of the DC motor are substituted into 

Equation 1 so that the following new equation can be 

obtained. 

𝑉𝑎(𝑡) = 𝑅𝑎𝑖𝑎(𝑡) + 𝐿𝑎

𝑑𝑖

𝑑𝑡
+ 𝐾𝑏

𝑑𝜃

𝑑𝑡
  

𝑑𝑖

𝑑𝑡
=

𝑉𝑎(𝑡)

𝐿𝑎

−
𝐾𝑏

𝑑𝜃
𝑑𝑡

𝐿𝑎

−
𝑅𝑎𝑖𝑎(𝑡)

𝐿𝑎

 (4) 

On the contrary, the mechanical modeling of the DC 

motor can be obtained using Newton's Law. According to 

Fig. 1, the mechanical modeling of the DC motor can be 

expressed as follows, 

∑𝑇 = 𝐾𝑚𝑖𝑎  

𝐽𝑚
𝑑2𝜃

𝑑𝑡2
+ 𝑏𝑚

𝑑𝜃

𝑑𝑡
= 𝐾𝑚𝑖𝑎 

 

𝑑2𝜃

𝑑𝑡2
=

𝐾𝑚𝑖𝑎
𝐽𝑚

−
𝑏𝑚

𝑑𝜃
𝑑𝑡

𝐽𝑚
 (5) 

where 𝐽𝑚 is the moment inertia of the rotor, 
𝑑2𝜃

𝑑𝑡2  is the angular 

acceleration of the DC motor, 𝑏𝑚 is the coefficient of viscous 

friction, and 𝐾𝑚 is the constant for motor's torque. 

Linear variable equations of the DC motor, which were 

obtained from Equations (4) and (5), are then used to form 

the state variables of the DC motor. The state variables of the 

DC motor are defined in Equations (6), (7), and (8). 
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𝑥1 = 𝜃 (6) 

𝑥2 =
𝑑𝜃

𝑑𝑡
 (7) 

𝑥3 = 𝑖 (8) 

A common equation used for state-space representation is 

expressed as in the equation below, 

�̇� = 𝐴𝑥 + 𝐵𝑢  

𝑦 = 𝐶𝑥 + 𝐷𝑢 (9) 

State-space equations consist of four components: matrix 

of state vectors represented as �̇�, matrix of state variables 

called as 𝐴, matrix of inputs which later known as𝐵, and 

matrix of outputs known as 𝐶. 

Matrices A and B in state space equations were obtained 

from the model of DC motor as follows, 

�̇�1 =
𝑑𝜃

𝑑𝑡
 (10) 

�̇�2 =
𝑑2𝜃

𝑑𝑡2
 

(11) 

�̇�3 =
𝑑𝑖

𝑑𝑡
 (12) 

Electrical modeling in Equation (4), mechanical modeling 

in Equation (5), and state variables of DC motor in Equations 

(6)-(8) were substituted into state-space equations as in 

Equations  (10)-(12), so that the following new equations can 

be obtained: 

�̇�1 = 𝑥2 (10) 

�̇�2 =
𝐾𝑚𝑖𝑎
𝐽𝑚

−
𝑏𝑚

𝑑𝜃
𝑑𝑡

𝐽𝑚
 

(11) 

�̇�3 =
𝑉𝑎(𝑡)

𝐿𝑎

−
𝐾𝑏

𝑑𝜃
𝑑𝑡

𝐿𝑎

−
𝑅𝑎𝑖𝑎(𝑡)

𝐿𝑎

 (12) 

�̇� = 𝐴𝑥 + 𝐵𝑢  

[
�̇�2

�̇�3
] =

[
 
 
 −

𝑏𝑚

𝐽

𝐾𝑚

𝐽

−
𝐾𝑏

𝐿𝑎

−
𝑅𝑎

𝐿𝑎 ]
 
 
 

[
𝑥2

𝑥3
] + [

0
1

𝐿𝑎

] 𝑉𝑎(𝑡)  

Based on Equations (13) – (15), the A matrix can be 

defined as follows 

𝐴 =

[
 
 
 −

𝑏𝑚

𝐽

𝐾𝑚

𝐽

−
𝐾𝑏

𝐿𝑎

−
𝑅𝑎

𝐿𝑎 ]
 
 
 

 (16) 

whereas B matrix is defined as 

𝐵 = [

0
1

𝐿𝑎

] (17) 

Furthermore, the output of the system is determined as the 

angular speed 𝜔(𝑡) so that the 𝐶 matrix can be defined. 

Therefore, the matrix of outputs can be expressed as: 

𝑦 = 𝐶𝑥 + 𝐷𝑢  

𝑦 = [1 0] [

𝑥1

𝑥2

𝑥3

]  

𝐶 = [1 0] (18) 

The block diagram of state space representation of DC 

motor can be seen in Fig. 2. 

 

Fig. 2. A circuit of DC motor with permanent magnet 

III. CONTROLLABILITY AND OBSERVABILITY 

Controllability and observability hold essential roles in 

designing control systems with a state space. In addition, 

those two criteria define a complete solution for problems in 

control system design. Controllability and observability are 

two main concepts applied to modern control systems as 

preliminary behavior analyses of the controlled system.  

Some researchers have conducted previous research on 

controllability and observability. For instance, Curtis et al. 

researched on controllability and observability of an 

intelligent infrastructure system [23]. The infrastructure 

system was modeled into a non-linear system, then analyzed 

for its controllability and observability using an artificial 

intelligence algorithm. 

A. Controllability 

A system is said to be controllable at 𝑡0 if a control vector 

that is not limited by the system is changeable from the initial 

condition 𝑥(𝑡0) to another condition for a finite time interval. 

Meanwhile, a system is said to be observable at 𝑡0 if the initial 

condition of 𝑥(𝑡0) is known based on the output sequence 

over a specified time interval. 
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A state-space representation of a continuous-time system 

is expressed as in Equation (19). 

�̇�(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢 (19) 

Then, the controllable solution for the above equation is 

shown in the equation below, 

𝑥(𝑡) = 𝑒𝐴𝑡𝑥(0) + ∫ 𝑒𝐴(𝑡−𝜏)𝐵𝑢(𝜏)𝑑𝜏
𝑡

0

 (20) 

For the time interval of 𝑡0 ≤ 𝑡 ≤ 𝑡1 and the final 

condition as the initial points of the state space, new 

equations can be obtained as follows, 

𝑥(𝑡1) = 𝑒𝐴𝑡1𝑥(0) + ∫ 𝑒𝐴(𝑡−𝜏)𝐵𝑢(𝜏)𝑑𝜏
𝑡

0

 (21) 

𝑥(0) = −∫ 𝑒𝐴(𝜏)𝐵𝑢(𝜏)𝑑𝜏
𝑡

0

 (22) 

By applying Silvester interpolation, the following 

equation can be obtained. 

𝑒𝐴𝑡1 = ∑ 𝛼𝑘(𝜏)

𝑛−1

𝑘=0

𝐴𝑘 (23) 

Equation (23) is then substituted into Equation (22), in 

which the resulted equation is written as follows, 

𝑥(0) = − ∑ 𝐴𝑘𝐵

𝑛−1

𝑘=0

∫ 𝛼𝑘(𝜏)𝑢(𝜏)𝑑𝜏
𝑡

0

 (24) 

By defining the following equation, 

∫ 𝛼𝑘(𝜏)𝑢(𝜏)𝑑𝜏
𝑡

0

= 𝛽𝑘 (25) 

the following equations can be obtained 

𝑥(0) = − ∑ 𝐴𝑘𝐵

𝑛−1

𝑘=0

𝛽𝑘 (26) 

𝑥(0) = −[𝐴0𝐵 𝐴1𝐵 ⋯ 𝐴𝑛−1𝐵] [

𝛽𝑘

𝛽𝑘

⋮
𝛽𝑛−1

] (27) 

for a n × n matrix, the controllability matrix can be. 

[𝐵 ⋮  𝐴𝐵 ⋮  ⋯  ⋮  𝐴𝑛−1𝐵] (28) 

B. Observability 

Observability is profoundly important to solve 

unmeasurable state variables, such as a state feedback 

problem.  

By considering an autonomous system without any 

control action as its input, a state-space equation for the 

system can be written as in the following equations. 

 �̇�(𝑡) = 𝐴𝑥 (29) 

 𝑦(𝑡) = 𝐶𝑥 (30) 

where the matrices 𝐴 and 𝐶 have a size of 𝑛 × 𝑛 and 𝑚 × 𝑛, 

respectively. The system is said to be observable if each 

condition of (𝑡0) can be known by observing the system's 

output 𝑦(𝑡) in a time interval of 𝑡0 ≤ 𝑡 ≤ 𝑡1. The control 

action signal 𝑢(𝑡) is negated; if the control signal is included, 

the solution becomes as the following expressions 

 
𝑥(𝑡) = 𝑒𝐴𝑡𝑥(0) + ∫ 𝑒𝐴(𝑡−𝜏)𝐵𝑢(𝜏)𝑑𝜏

𝑡

0

 (31) 

 
𝑦(𝑡) = 𝐶𝑒𝐴𝑡𝑥(0) + 𝐶 ∫ 𝑒𝐴(𝑡−𝜏)𝐵𝑢(𝜏)𝑑𝜏

𝑡

0

+ 𝐷𝑢 
(32) 

Meanwhile, the matrix of A, B, C, D and the control signal 

u(t) are known, simplifying the equations into 

 𝑦(𝑡) = 𝐶𝑒𝐴𝑡𝑥(0) (33) 

By referring to the previous equation 

 

𝑒𝐴𝑡1 = ∑ 𝛼𝑘(𝑡)

𝑛−1

𝑘=0

𝐴𝑘 (34) 

the following equations can be obtained: 

 

𝑦(𝑡) = 𝐶 ∑ 𝛼𝑘(𝑡)𝐴
𝑘𝑥(0)

𝑛−1

𝑘=0

 (35) 

 𝑦(𝑡) = 𝛼0(𝑡)𝐶𝐴0𝑥(0) + 𝛼1(𝑡)𝐶𝐴1𝑥(0)
+ ⋯
+ 𝛼𝑛−1(𝑡)𝐶𝐴𝑛−1𝑥(0) 

(36) 

 𝑦(𝑡)

= [𝛼0(𝑡) 𝛼1(𝑡) ⋯ 𝛼𝑛−1(𝑡)] [

𝐶𝐴0

𝐶𝐴1

⋮
𝐶𝐴𝑛−1

] (37) 

Therefore, the observability matrix can be seen as follows 

 

[

𝐶
𝐶𝐴
⋮

𝐶𝐴𝑛−1

] (38) 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 231 

 

Iswanto Suwarno, Controllability and Observability Analysis of DC Motor System and a Design of FLC-Based Speed 

Control Algorithm 

IV. PROPOSED CONTROL STRATEGY 

The state-space model needs to be transformed into a 

transfer function model to design the FLC-based control 

system as proposed in the paper.  

The transfer function of a single-input-single-output 

system can be formulated as. 

𝐺(𝑠) =
𝑌(𝑠)

𝑈(𝑠)
 (39) 

Based on the state space equation in Equation (9), the 

Laplace transform of the previous equation can be written as 

𝑠𝑋(𝑠) − 𝑥(0) = 𝐴𝑋(𝑠) + 𝐵𝑈(𝑠)  

𝑌(𝑠) = 𝐶𝑋(𝑠) + 𝐷𝑈(𝑠) (40) 

By adding the value of 𝑥(0) = 0, the equations can be 

rewritten as 

𝑠𝑋(𝑠) − 𝐴𝑋(𝑠)  =  𝐵𝑈(𝑠) (41) 

(𝑠𝐼 −  𝐴)𝑋(𝑠) = 𝐵𝑈(𝑠) (42) 

𝑋(𝑠) = (𝑠𝐼 −  𝐴)−1𝐵𝑈(𝑠) (43) 

Equation (43) is then substituted into (40) and can be 

rewritten as: 

𝑌(𝑠) = [𝐺(𝑠)]𝑈(𝑠) (44) 

where 

𝐺(𝑠) = 𝐶(𝑠𝐼 −  𝐴)−1𝐵 + 𝐷 (45) 

Based on Equation (45), a block diagram of a fuzzy-based 

control algorithm can be designed and presented in Fig. 3. 

According to the figure, it can be seen that the FLC used two 

variables for its input: the error and the derivative of error. 

Meanwhile, the output of FLC only consists of one variable: 

the control signal. 

 

Fig. 3. A block diagram of FLC for speed control in DC motor 

The proposed fully control algorithm used the fuzzy logic 

control algorithm with a 3×3 rule base. The rule base was 

designed using a lookup table of 9 rules for making decisions. 

The lookup table/rule base of the fuzzy logic controller is 

shown in Fig. 4. All rules in the rule base used the AND 

operator. 

 Error 

N Z P 

D
_

E
rro

r 

N N N Z 

Z N Z P 

P Z P P 

 

Fig. 4. A block diagram of FLC for speed control in DC motor 

Each input and output variable of the FLC has three 

membership functions: Negative, Zero, and Positive, which 

are triangular membership functions (trimf). Each input and 

variable was also set to the range of [-10.0 10.0] and are 

shown in Fig. 5. 

 

Fig. 5. Membership functions of FLC's input and output variables 

Based on Fig. 5, the Negative membership function has 

the same domain range for all input and output variables, 

which is [-20 -10 0]. Similar conditions are also found in the 

Zero and Positive membership functions; the domain of the 

membership functions is the same for all input and output 

variables. The domain for the Zero membership function is [-

10 0 10], while the domain for the Positive membership 

function is [0 10 20]. 

In the paper, the performance of speed control for DC 

motor using fuzzy-based algorithms is compared to the 

performance of PID-based controllers. The speed control 

system for DC motor used a PID control structure as in Fig. 

6. According to the figure, it can be seen that the control 

system was designed based on the transfer function model, 

which consist of setpoint, PID control, transfer function, and 

position-to-RPM converter. 
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Fig. 6. A block diagram of PID controller for speed control system of DC 

motor 

The rad-to-RPM converter shown in the figure converts 

the position into angular speed using a calculation expressed 

in Equation (46). 

𝑟𝑝𝑚 =
60

2
∗ 𝑝𝑖 ∗ 𝑟𝑎𝑑 (46) 

V. RESULTS AND DISCUSSIONS 

The paper represented the fuzzy logic control algorithm 

used to control the speed of the DC motor, with a 

specification of DC motor listed in Table 1 [46]. The 

specification was used in the simulation model.  

TABLE I.  PARAMETERS OF DC MOTOR 

Number Parameter Value 

1 Resistance of armature, R 1 Ω 

2 Inductance of armature, L 0.5H 

3 Inertia of Rotor, J 0.01 kgm 

4 Co-efficient of Viscous friction, b 0.1 Nms/rad 

5 Torque constant, Kt 0.01Nm/A 

6 Counter emf constant, Kb 0.01 s/rad 

 

Parameters in Table 1 were then included in the state 

space equations in Equation 9 so that the 𝐴 matrix can be 

obtained as follows 

𝐴 = [
−

𝑏𝑚

𝐽

𝐾𝑚

𝐽

−
𝐾𝑏

𝐿𝑎
−

𝑅𝑎

𝐿𝑎

], 

 

𝐴 = [
−10.0000 1.0000
−0.0200 −2.0000

].  

Using the same method, the 𝐵 matrix can be defined as 

𝐵 = [
0
1

𝐿𝑎

], 
 

𝐵 = [
0
2
].  

By determining the output of the DC motor as the angular 

speed 𝜔(𝑡), the 𝐶 matrix can be defined as: 

𝐶 = [1 0].  

Thus, the components of state space equations that 

include the actual parameters of the DC motor are fully 

determined. Prior to simulation, the state-space model of the 

DC motor that includes the actual parameters can be analyzed 

further. 

A system is said to be fully controllable if its composite 

matrix of controllability fulfills the controllability criteria, 

which is having a full rank. To check the controllability of a 

system model, the rank of the composite matrix of 

controllability 𝑄𝑐 is checked. 

Referring to Equations (14) and (15), the 𝐴 matrix is a 

2×2 matrix while the 𝐵 matrix is a 2×1. In other words, the 

𝑛 of the system model is 2. 

Since 𝑛 = 2, then the composite matrix of controllability 

(𝑄𝑐) can be defined as follows 

(𝑄𝑐) = [𝐵 𝐴𝐵],  

Considering Equations (14) and (15), the following 

expressions can be defined. 

𝐵 = [
0
2
],  

𝐴𝐵 = [
−10.0000 1.0000
−0.0200 −2.0000

] [
0
2
] = [

2
−4

].  

Therefore, the composite matrix of controllability (𝑄𝑐) of 

the obtained state-space model can be written as 

(𝑄𝑐) = [
0 2
2 −4

].  

The rank of 𝑄𝑐 can be determined as follows, 

|𝑄𝑐| = [
0 2
2 −4

] = 2  

The rank of 𝑄𝑐 is 2, equal to 𝑛, and can be considered a 

full rank. Therefore, the system model is said to be a fully-

state controllable system. 

Similarly, when analyzing the controllability, the 

observability of a system model can be analyzed by checking 

the rank of the composite matrix of observability (𝑄0). 

Referring to Equations (14) and (16), the 𝐴 matrix is a 

2×2 matrix while the 𝐶 matrix is a 1×2. In other words, the 

𝑛 of the system model is 2. 

Thus, the composite matrix of observability (𝑄0) can be 

defined as follows 

𝑄0 = [𝐶 𝐶𝐴]𝑇  

Considering Equations (14) and (16), the following 

expressions can be defined. 

𝐶 = [1 0]  
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𝐶𝐴 = [1 0] [
−10.0000 1.0000
−0.0200 −2.0000

]  

𝐶𝐴 = [−10 1]  

Therefore, the composite matrix of observability (𝑄0) of 

the obtained state-space model can be written as 

|𝑄0| = |
1 0

−10 1
| = 1  

The rank of (𝑄𝑐) can be determined as follows 

𝑄0 = [𝐶 𝐶𝐴]𝑇  

The rank of 𝑄0 is 1, which is less than 𝑛, so that the matrix 

does not have a full rank. Thus, the system is not fully state 

observable. However, since the rank is non-zero, the system 

is still observable. 

Since the system model is said to be controllable, it can 

be ensured that the system can be stabilized using a control 

method. Moreover, the system model is said as fully state 

controllable; a state of the system model can be transferred to 

any desired state with a reference input in a finite time 

interval. Referring to this definition, the system is assumed to 

be able to be controlled with any closed-loop control system. 

Therefore, it is predicted that the system model can be 

controlled and stabilized using PID-based controllers, since 

PID-based controllers are included in the closed-loop control 

technique.  

However, the system's behavior cannot be determined 

only based on controllability. The system's behavior is 

determined by the correlation of the achieved output and the 

states of the system, which characterizes the system's 

performance. The observability of a system determines the 

behavior of the system. 

The system model is proved to be observable; however, it 

is not fully observable. This means that some of the initial 

states of the system can be known based on the achieved or 

known output; some states are unmeasurable. 

After the controllability and observability of the system 

are analyzed, the state-space model is transformed into a 

transfer function using Equation (45). The obtained transfer 

function is written as in the following equation 

𝐺(𝑠) =
2

𝑠2 + 𝑠 + 20.02
 

 

Thus, the system's transfer function can be employed to 

apply the FLC control algorithm with the 3×3 rule base. The 

system's performance with the application of FLC is then 

compared to the system's performances of PID-based 

controllers: PI and PID controllers. 

The simulation results are presented in Fig. 7. The 

setpoint for angular speed of the DC motor was set to 1 rpm 

for all applied controllers. As predicted by the fully state 

controllable behavior, the system can be stabilized using PID-

based and fuzzy logic-based controllers. All of the system's 

responses are asymptotically stable. According to the figure, 

the system's responses were also quite similar; all of the 

responses were critically damped. No finite overshoot or 

undershoot was found in all of the system's responses. 

However, the system's transient response with FLC as a 

speed controller is proven better than the transient response 

of PI and PID controllers. The DC motor system with PI and 

PID controllers showed an almost identical response in Fig. 

7, presented by the overlapped curve. Moreover, it can be 

seen that the performance of FLC as speed control of DC 

motor is faster among all the applied controllers; the rising 

time was 2.427 seconds, the settling time was 11 seconds, and 

the steady-state time was 12 seconds. 

 

Fig. 7. Simulation results of DC motor with applied speed controllers 

VI. CONCLUSIONS 

The DC motor system model in the state-space model was 

a full state controllable system and observable system. The 

last development of speed control is explained in the paper 

using a fuzzy logic controller. In the paper, the speed control 

of the DC motor was tested in an undisturbed area. The paper 

represented the speed control of the DC motor with input as 

setpoints of step signal with the value of 1 rpm. The paper 

researched the speed control of DC motor using a fuzzy logic 

controller algorithm, then compared the performance results 

with the results of PI and PID controllers. The proposed 

algorithm showed that the speed of the DC motor could be 

controlled with a rising time of 2.427 seconds, a settling time 

of 12 seconds, and only 12 seconds to reach a steady state. 

These results were found more prominent than the results of 

PI and PID controllers.  
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