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Abstract

The brushless DC motor (BLDCM) will be suffered the impact of chaos at the certain conditions. Therefore, This paper proposes
a nonlinear state control method to suppress and control the emergence of chaotic motion based on the Lyapunov stability theory.
Firstly, We analyze the dynamic characteristics of the state equation of BLDCM system, and prove that it will appear chaos
phenomenon at some certain parameters. Finally, the nonlinear feedback controller is designed based on the Lyapunov stability
theory, and is proved that the control method can make the system asymptotically stable to the equilibrium point. And further,

simulation results are given to verify that the proposed method can be successfully used to control a chaotic BLDCM and make
BLDCM stable quickly.
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1. Introduction

Brushless DC motor (BLDCM) not only has a series of advantages such as simple structure, reliable running and
easy maintenance, but also has many advantages such as high efficiency of DC motor, no excitation loss and good
speed regulation performance. Therefore, BLDCM has been widely applied in various fields of the national
economy today, especially in the servo and drive systems of robots, aviation, machine tools, vehicles and other
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fields [1-4]. BLDCM is a typical multi-variable, a highly nonlinear and strong coupling system. Under certain
operating parameters, it is often accompanied by irregular operating behaviors such as electromagnetic noise, low-
frequency oscillation of torque and speed, and unstable control performance. Therefore, the operating quality and
reliability of the BLDCM system are greatly affected by these factors [5]. Because these irregular motions are very
similar to chaotic phenomena, they have attracted the attention of many scholars to prove that these irregular
motions are chaotic phenomena [3-8]. In order to control the chaotic motion phenomenon in BLDCM and make the
system stable quickly, this work has also become a hot issue in the field of motor control. At present, there are many
methods of the control of chaos phenomena in mathematical theory research, such as OGY method [6], delayed
feedback control method [7], sliding mode control method [8], etc. In these studies, the Control and suppression of
the chaos of BLDCM can receive better results.

In this paper, in order to control and suppress the occurrence of the chaotic state of BLDCM, we design a
nonlinear state feedback controller and apply it to the BLDCM system. After substituting the controller into the
BLDCM system, the state equation of the system can be greatly simplified, and after adding state feedback control
to the system, the system state will be able to quickly stabilize to the equilibrium point, to meet requirements of the
system for rapid stabilization. Therefore, after the introduction of the controller, it can effectively prevent the system
from entering a chaos state while the BLDCM is operating, and can also stabilize the motor movement to a certain
value.

2. Mathematical model and dynamic characteristics of brushless DC motor

The brushless DC motor (BLDCM) is an electromechanical system. The state equation of the BLDCM consists
of the voltage balance equation and the torque balance equation[9]. If the BLCDM air gap is uniform, the BLCDM
state equation can be rewritten as a dimensionless mathematical model, then the BLCDM system can be described
as follows:

X1 = Vg — X1 — XpX3 + pX3
5(:2 = Ud - xZ + x1X3 (1)
X3=0(x; —x3) T,

where the state variables xi, X2, X3 respectively represent the motor equivalent g-axis current i, d-axis current iq
and speed o, p and o are the system parameters. Considering that the motor has no input voltage and no load, vq =0,
va= 0, T = 0. This state corresponds to the braking operation process when the motor is powered off without load.
Then the state equation of BLDCM can be rewritten as

5C1 =— X1 — XpX3 + pXxX3
5('2 =— X3 + X1X3 (2)
X3 = 0(x; — x3)

The parameters p and o in equation (2) are easily changed by the influence of temperature and noise in the
working environment of BLCDM. Hemati [10-11], Wang Mufeng [12] and other have found that when the system
parameters are in a certain range, the BLDCM system will appear chaotic motion. The system equation (2) has
symmetric invariance about the x» axis, that is, the equation remains unchanged under the transformation of (xi, X2,
ox1 |, 0%y | 0%3
= g (2+o)t

X3)—(-X1, X2, -X3). Due to VV = =—2 -0 < 0 (where o is positive), the system (2) is dissipative and

converges in the exponential form V , which shows that when t — oo, each volume element of the system
trajectory shrinks to zero at an exponential rate — (2 + o). Furthermore, the system will eventually be limited to a
set with zero volume, and the progressive motion will be fixed on an attractor, which shows the existence of
attractors. When p = 20, 6 = 5.46, and the initial value of the system (X1, X2, x3)= (0.1,10, -1.5), Lyapunov exponent
is calculated using literature [13-14], LE; = 0.463, LE> = 0, LE3 = -7.923, and Lyapunov dimension is calculated, DL
= 2.059, and the largest Lyapunov exponent is greater than (. These results indicate that the system (2) is in a
chaotic state under these parameter. The phase portrait and timing diagram of the system (2) under the above
parameters and initial values are shown in Figure 1, 2.
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Fig. 2. The timing diagram of BLCDM with p =20, ¢ = 5.46.
3. BLDCM feedback control scheme design
BLCDM system will be in a chaos state under certain parameters. Therefore, it is extremely important to control

its chaotic state to steady state quickly. So we use a nonlinear state feedback control method to design a chaotic
controller. The feedback controller of BLCDM system is designed as shown in equation (3).



Ze Bin Li et al. / Procedia Computer Science 183 (2021) 636—640 639

Uy = XzX3 — PX3
U = — X1X3 3)
us =—oxq + kxs
where k is the feedback coefficient, the controller (3) is brought into the system state equation (2), and the controlled
BLCDM chaotic system is obtained as shown in equation (4).

X1 =— X1 — Xx3 + px3 +uUg
{XZ =—x; + x1x3 + Uy (4)
X3 = 0(x; — x3) + u3

According to the Lyapunov stability theory, we construct a suitable Lyapunov function V(x{,%,,X3) based on the
chaotic system, and it can make the chaotic system gradually stabilize when V(xq,X,,%3) satisfy certain conditions.
Therefore, for equation (4), we construct the following Lyapunov function:

1
V(xqy,%x0%x3) = E(xi +x2 4+ x2) %)
Obviously, V(x1,%5,x3) > 0, that is, V(x1,X,,X3) is positive definite. Derivation of (5) can be obtained by

V(Xl,Xz,X3) = Xl)'(l + X2X2 + X35(3

— [x1 x, x3][0 1 H
0 0 o—k

To make the matrix P positive definite, it is necessary to satisfy k > ¢. When k> o, V(xq,X,,x3) < 0, the
feedback controller (3) will inevitably make the system gradually stabilize at zero equilibrium point in the sense of
Lyapunov stability.

=— XTPX (6)

4. Simulation and result analysis

The parameters are set to p =20, 6 = 5.46, k = 6, and the initial values of (x1, X2, x3)= (0.1,10, -1.5) in the
controlled BLCDM chaotic system equation (4). In order to observe the effect of nonlinear feedback control, a
feedback controller is added at t = 25s, and the simulation results are shown in Figure 3. Figure 3 is the state
response curves of xi1, X2, and x3. It can be seen that after adding the feedback controller, the system quickly
converges to the zero balance point , and further, the rapid stabilization of the BLCDM chaotic system was achieved.
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Fig. 3. Response curve of controlled BLCDM chaotic system
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5. Conclusion

The brushless DC motor (BLCDM) will produce chaos under certain electromechanical parameters, which
greatly affects the operation quality and reliability of the BLCDM system. Therefore, it is very important to control
and suppress a chaos BLCDM. This paper proposed a nonlinear feedback controller for a chaos BLCDM based on
Lyapunov stability theory. Firstly, the chaotic properties of the state equation of the BLCDM system are analyzed at
certain parameters. Then, a nonlinear feedback controller is designed based on the Lyapunov stability theory.
Theoretical analysis shows that the designed controller can be used to stabilize the system to the equilibrium point.
Finally, the nonlinear feedback control system is simulated, and the response curve of the system is obtained. From
simulation results, it was definitely verified that the proposed control method gives very robust control performance.
The research results have a high reference value for stable operation and chaos control of the BLCDM.
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