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1. INTRODUCTION

The Direct Current (DC) motor is a traditional electric motor. In comparison to the other electric
motor such as brushless DC motors [1-3], induction motor [4-6], the intrinsic structure of the DC motor [7]
has advantages such as the ease of maintenance, the simple control structure, the large electromagnetic
torque, and the wide range of speed control. Therefore, DC motors are increasingly widely used in areas that
require high-quality control, such as crane, elevator, conveyor, steel rolling, transportation, mining, etc [8],
[9-13]. So, it is very important to reduce the cost of the control system, but enhance the performance of the
DC motor. There is some research for controlling the DC motor such as [14-18]. Most of these researchers
use a simple controller such as Proportional-Integral-Derivative (PID) controllers [19-20]. The advantage of
the PID control is a simple structure, but the drawback is that the quality of the control system is not high. In
the research [21], the author has proposed a method for controlling the DC motor that has achieved high-
quality, that is the control method based on the flatness principle, but the limitation of this method is that the
control algorithm is complex. In the other research [22], the author has proposed a solution to build a control
system based on the linear quadratic regulator controller, the control algorithm is simple and the quality is
optimized.

In all above control methods, in order to achieve control requirements, it is required to determine the
feedback values. These feedback values are normally determined via sensors. For example, if we need to
control the speed of the DC motor, we need to have a sensor of speed (encoder). Adding these sensors makes
the cost of the control system increase and the circuit structure of the control system becomes more complex.
To overcome these limitations, in this study, the author proposes a solution to build a control system without
the sensor. The authors build an estimation model based on Luenberger observer [23-25] to determine the
feedback value which is the speed-value. These estimated values are applied as feedback signals in the
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closed-loop control system with the traditional PID controller. The control results in the absence of the sensor
are compared with the result in the case with sensors to demonstrate the effectiveness of the
proposed method.

The remnant of this research is structured as follows. The sate observer is introduced in Section 2.
The design of the control system is presented in Section 3. The results and analysis are presented in
Section 4, and lastly, in Section 5, some conclusions are presented.

2. DETERMINING THE FEEDBACK VALUES USING THE STATE OBSERVER
Considering the object with the state equation:

X = AX +BU +E.N
Y =C.X

)

Where: X =X X0 %, ] is the vector of state signal.
U=[u,u;,...up] is the vector of control signal.
Y =[Y1 Yoo Yied i the vector of output signal.
N =[N, Ny, Ny ] is the vector of noise signal.
AB,E,C are matrices with the appropriate size.

The estimation of X is X which is defined by the state equation:

X = AX +BU +E.N @

The goal which needs to achieve is X =X This goal is solved easily if we know the initial value

of X (X 0) ), we will assign the initial value of X is X(0) = X(0) . However, under the condition that

the number of sensors is less than the number of state variables, we cannot know X (0) .
Named X =X-X is the error of the estimation. (1) minus (2), we have:
X, =AX, 3)

¢ X.(0)=X(0)-X(0)

If the object (3) is stable then Xe 0, it means X —> X _ The value of X is used for controlling
the control object, so the kinetic speed of the observer must be much faster than the kinetic speed of the
control object. Therefore, we add a forced component to the observer, this component is proportional to the

With the initial value of Xe i

difference between Y =C.X ang C.X , the observer has the following equation:

X = AX +BU +EN +L(y-C.X) @

With L is the constant matrix, transforming the (4), we have:

X = (A-LC).X +BU +EN+Ly )

The diagram of the state observer in the absence of noise is shown in Figure 1.
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Figure 1. The diagram of the state observer

The state equation of the estimation error is as follows:

X, =(A-LC).X, ©

The mission is to find L in order for the object (6) is stable, it means that Xe Oand X—>X,
We must define L to impose the eigenvalue of (6) to the left of the virtual axis. These solutions must be a
major solution in order for the kinetic speed of the observer must be much faster than the kinetic speed of the
control object.

3. THE SENSORLESS CONTROL SYSTEM FOR THE DC MOTOR
3.1. The Equations of the DC Motor
The diagram of a separately excited DC Motor is presented as Figure 2 [22], it includes:
a) The field windings are in the stator, they are used to excite the field flux.
b) The armature coils are on the rotor, they are supplied current via brush and the commutator.

Figure 2. The diagram of a separately excited DC Motor

The mathematical equations of the DC Motor include:
The voltage equation:

vV, =R L 3, p
a (v W)

V.. _— . . . R.,L,.
Where " 2is the armature voltage, which is fed into the armature coil; la is the armature current; ' 2is
the armature resistance and inductance; E is the electromotive.

The electromotive equation:

E=K.o=(L, .if).a)(V) ®
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. o L, .
Where o is the speed of the rotor, KE is the coefficient of voltage, ' is the winding field current, ' is the
field armature mutual inductance.
The motion equation:

d_a) =T, -T -T;
dt (N.m) 9)

T

Where J is the inertia, Te is the electromechanical torque, is the torque which impact to the shaft, Bm

is the coefficient of the viscous friction, ' is the coulomb friction torque.

The electromechanical torque equation:

Te = KTia = (Laf 'if )Ia (Nm) (10)

K

Where T is the torque coefficient.

3.2. Estimating the Speed Value of DC Motor
Based on the equations of the DC Motor, we build the state equation of DC Motor as follows:

X =AX +BU +E.N
Y =C.X

(1)

Where:

X

Ia
{w]u:va=n+n

“R,/L, -K,/L, 1/L 0
A= B=|" °| E=
K, /J o | 0 | ~1/3 |,

We assume that the system has no sensor of speed (without encoder), so we must estimate the value

of the speed (o). Besides, we can determine the armature current value ( la ) through the current measurement
circuit. Therefore, we have the following matrix C:

1
Sh
0 (12)

The state equation of the estimation error is as follows:

X, =(A-LC).X, 13)

The mission is to find the matrix L in order for the convergence-speed of the object (13) much faster
than the speed of the control object (11).

In order to investigate the efficiency of the proposed algorithm, we test the estimation-process of the
speed value of the DC motor with the parameters shown in Table 1:
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Table 1. The parameters of the DC Motor
Ra(QQ) La(H) Kt Ke J(kg.m"2)  Te+T(N.m)
05 0011 02 0.1 0.2 Var

In order for the results are objective, we assume that the parameters of the DC motor are not known
exactly. So, the DC motor parameters which used for the estimation algorithm are inaccurate, the details are
as follows: Ra_id=0.9.Ra; La_id=0.9.La; Kt_id=Kt; Ke_id=1.1.Ke; J_id=1.1.J;

With the symbol "id" is used to indicate the parameters of the estimated plant.

Replacing the specific values of the parameters, we define the matrix A as follows:

—-236.40 -38.10
Ag =

41.38 0 (14)
The eigenvalue of A is as following:
Eig_A, = {— 229.52}
_Ay =
—-6.87 (15)

In order for the convergence-speed of the object (13) much faster than the speed of the control
object (11), the following condition must be satisfied:

Eig _Value(A, —LC)=Kk.Eig_A,

(16)
Setting k=5, we have:
Eig_Value(A, — LC) == {_ 131:;':}
' (17
Solving the (17) we have the following matrix L.:
L :{ 945.60 }
—-993.29 (18)

4. RESULTS AND ANALYSIS

In order to evaluate the entire results of the estimation process, we simulate the speed control system
of the DC motor in the absence of the speed sensor. The simulation system model is shown in Figure 3.

In the control system, we use a simple controller such as a PID controller, with the parameters as
follows: Kp = 15, Ki = 20, Kd = 0. The feedback speed value of the DC motor is normally determined by the
sensor of speed (encoder). But in this proposed control structure, we don't need the encoder. The feedback
speed value of the DC motor is determined by the state observer.

The results of the control system are shown in Figures 4 and 5. Figure 4 shows the results of the

estimate-process of the armature current (IEl ). The results show that the estimated value of la always follows

| . L
the real value of '@ with a very small error of estimation.

The sensorless control system for controlling the speed of direct current motor (Khac-Khiem Nguyen)



1176 0O ISSN: 2502-4752

+ X =Ax+Bu T i_a_real ! i E
e PID(s) y=Cx+Du -
1 ’—' DC_MOTOR L A G1__ [estimate_error of i

A3 pID Controller]

w
0.1s+1 +
Transfer Fcn >+ o I:I
|| I A2 » L
—d
— i_real and i_estimate
Whie Noise 4.|>_. ] = R
- >+ I:I
Torque G noise — -
Al G2 estimate_error of w
® =Ax+Bu
> y =Cx+Du »
OBSERVER ]
l Results
S— -+ |
Set speed _ - PID(s) 4\—1—5 ¥ =AxtBu
y =Cx+Du
AT pID Controllert I w
DC_MOTORA

Figure 3. The simulation model of the control system
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Figure 4. The results of the estimate-process of the armature current la

Figure 5 shows the results of the speed control process. The estimated value of the speed is feedback
to provide the information for the PID controller.
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Figure 5. The results of the speed control process
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The results of Figure 5.b show that the estimated value of the speed always follows the real value of
the speed with a very small error of estimation (eestimate-speed). The accuracy of this speed estimation has
contributed to improving the quality of the control system. The response speed always follows the desired
speed with a very small error of the control. The results of Figure 5.a show the speed control results in the
absence of a sensor and in the case with sensor, it is included the following characteristic: the desired speed
(wset), the response speed in the absence of sensors (wrespnonsel), the response speed in the case with
sensor (orespnonse2). The results show that the control qualities of these two cases are equivalent. Therefore,
we can conclude that the superiority of the proposed algorithm is to reduce the cost of the control system
because of the absence of a sensor while the control quality is still guaranteed.

5. CONCLUSION

In this study, the author has succeeded in building the control system of DC Motor in the absence of
a speed sensor. The effectiveness of the proposed system is verified through a simulation model in the case
the DC parameters are not known correctly. The results show that the estimated values of speed always
follow the real value of speed with a very small error of estimation. This accuracy has contributed positively
to improving the control quality. The results of the non-sensor control system are compared to the results of
the sensor control system. The results show that the control qualities of these two cases are equivalent.
Therefore, we can conclude that the superiority of the proposed algorithm is to reduce the cost of the control
system while the control quality is still guaranteed.
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