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Abstract. Brushless DC motor (BLDCM) is a nonlinear system of multi-variable, high-coupling and
time-varying. Considering the high-precision speed control requirement of BLDCM, this paper designs
a gpeed control system of BLDCM based on fuzzy controller And active disturbance rejection
controller (ADRC). Asthe speed loop controller, acompound Fuzzy-ADRC controller is designed by
setting the speed error threshold. The simulation results show that the system has good performance
with response-rate, speed over regulated and the precision of regulation, and it produces better
dynamic and static performance than traditional PID controller.

Introduction

Brushless DC motor (BLDCM) is a permanent magnet motor with the development of power
electronic device, microelectronics and new permanent magnet materials. BLDCM has many
advantages, such as high torque, low noise, simple structure, high efficiency, convenient maintenance,
good dynamic performance, and is widely used in the fields of nationa defense, aerospace, medical
devices, automotive electronics, robots and household appliances . At present, most of the motors
are controlled by the traditional PID controller. As the BLDCM speed control system is a nonlinear,
multivariable and strong coupling system, some parameters of the BLDCM can be changed around the
rated value, load changes will also bring disturbance, resulting in the difficulties of setting parameter, a
set of rectified parameters can only have a better control effect in a small range, then resulting that the
traditional PID control can't achieve the desired effect.

The fuzzy control is developed by the fuzzy mathematics which is proposed by the American
cybernetics expert Zadeh. Fuzzy control does not depend on the controlled object mathematical model
4 has strong adaptability to the nonlinearity of the controlled object, has strong robustness to the
parameter variation of the controlled object, and has a wide application in the field of motor control.
But the establishment of fuzzy rules and fuzzy membership function has no general rules, which mainly
depends on experience. The simple fuzzy control is difficult to completely eliminate the steady-state
error of the system, and the steady state accuracy is low.

Auto disturbance rejection controller (ADRC) isanew type of control theory, which is proposed by
Professor Han Jing-Qing of Chinese Academy of Sciences . The ADRC is developed from the
nonlinear PID controller. The ADRC inherits the advantage of the PID controller which does not
depend on the model! of the control object, and overcome the inherent defects of classical PID based on
the nonlinear structure. ADRC has the advantages of simple algorithm, strong anti-interference ability,
small overshoot, fast convergence speed and high precison. ADRC can automatically detect and
compensate the total disturbance of the system response by the internal and external disturbance, and
can have very good control effect when the control object parameter is changed or under uncertain
disturbance. ADRC has strong adaptability and robustness.

According to the characteristics of these two controllers, aBLDCM speed control system based on
fuzzy control and ADRC is designed in this paper, and the control system is simulated by
MATLAB/SIMULINK. The simulation results show that, compared with the traditional PID control,
this control system has the characteristics of fast response, small overshoot, strong robustness and
good dynamic performance.
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M athematical M odel of BLDCM

BLDCM is composed of the motor, the logic drive circuit and the rotor position sensor. The armature
winding of the motor adopts the common star connection, and the rotor position sensor isinstalled on
the rotating shaft to realize the detection of the motor position. According to the feedback information
of the position sensor, the electronic commutation circuit controls the inverter turn on and off in a
certain order.

The voltage balance equation of BLDCM is shown as Eq. 1,
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where u_, u,, u, are each phase voltage, i_, i,, i, are each phase current, e, g,, e are each phase

opposite electromotive force, ris each phase resistance. L is each phase winding inductance, M is
each phase winding mutual inductance.
The electromagnetic torque equation and motion equation of the BLDCM are shown as Eq. 2,
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where T, is the electromagnetic torque, T, is the load torque, B is the damping coefficient,w is the
motor angular speed and Jisthe inertia

Design of BLDCM Speed Control System

BLDCM speed control system is mainly composed of BLDCM, speed controller, current detection
module, current controller, torque calculation module and inverter, as shown in Fig. 1. The current
reference value 1, is calculated by the speed adjustment calculation of the speed input signal v, and

the measured motor current speedvV,. The current feedback signal of the motor winding is converted
into the current main circuit feedback current value I, . Use the current regulator output calculated
byl,, and I, to regulate the PWM signal, and then control the power switch tube’sturn on and off,

allowing for the BLDCM speed control.
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Fig. 1 Schematic Diagram of BLDCM Speed Control System

Design of Current Controller. The current loop is controlled by current hysteresis controller.
Current hysteresis controllerregulates the current based on current hysteresiscontrol principle. The
actual current changes follow the reference current, the controller changes the switching state of the
inverterwhen the difference between the actual feedback current and the reference current ismore than
a certain value. The input of the current hysteresis controller is the actual current and the reference
current, and the output is the control signal of the PWM inverter.

Design of Speed Controller. The speed loop is controlledby the compound fuzzy and active
disturbance rejection controller, namely, the Fuzzy-ADRC controller. Set the speed error thresholde, ,

When the speed error e is greater than or equal to the thresholde,, adopt the fuzzy controller. The
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ARDC is adopted when the speed error e islessthan thethresholde, . Inthisway, the speed controller

has the ARDC's and the fuzzy controller’ s advantages of high precision and quick response, so asto
achieve the purpose of effectively improving system performance.

Design of Fuzzy Controller. The fuzzy controller adopts double input and single output structure.
The two inputs of fuzzy controller are the system speed error and the speed error change ratio, the
output of fuzzy controller isthe reference current.

The quantitative universes of the system speed error, the speed error change ratio and the reference
current are[- 6,6]. The fuzzy subsets of the system speed error, the speed error change ratio and the
reference current are{NB,NM, NS, ZO,PS,PM,PB} . The membership functions of the system speed
error, the speed error change ratio and the reference current are Gaussian membership function.

Table 1 Fuzzy Control Rule Table
Error
PB | PM PS |ZO |NS |NM |NB
PB NB | NB NM |NM |NS |NS |PM

PM NB | NM NS |[NS |[NS [zO |Pm

Error PS NB | NM NS |[NS |PS PS PB
PS

PM

ggt"’i‘gge ZO NB | NS NS |[zO0 |[PsS PB
NS NB | NS Zz0 |pPs |Ps PB

PS

PM

NM NM | ZO PS PM |PM | PB
NB NM | PS PS PM | PB PB

The fuzzy reasoning method is Mandani fuzzy reasoning. When reasoning, the maximal and minimal
operation is chosen as the synthesis operation based on the fuzzy implication, and then calculate the
fuzzy output value. The output of fuzzy control is obtained by the defuzzification centroid method.

Design of ADRC. The ADRC is mainly composed of three parts, tracking differentiator (TD),
extended state observer (ESO) and nonlinear state error feedback control law (NLSEF). The second
order ADRC structure diagram is shown in Fig. 2. The function of TD is to arrange the transient
process according to the system input, and to obtain the tracking and the differential signal of the
system input. ESO is used to the system state and disturbance sum object according to the input and
output of the controlled object. NLSEF calculates the control value based on the system error. The
control value of the controlled object is obtained by compensating the system's disturbance to the
control value calculated by NL SEF.
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Fig. 2 The Second Order ADRC Structure Diagram
TD’s equation is shown as Eq. 3,

e=v,- v, fh=fhan(ev,,r,,h),v, =v; +hx,,v, =v, +hxfh, ©)]

function fhan(e,v,,r,, h) is the most speed control function of TD, the equation is shown as Eq. 4,
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ESO’s equation is shown as Eq. 5,
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NLSEF s eguation is shown as Eq. 6 and Eq. 7,
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In Eq. 4~Eq. 7, v, isthe input signdl, v, is the tracking signal, v, is the differential signal, h isthe
integration step, r, isthe speed factor, z and z, are the state measurement of the controlled system,
z, isthe disturbance measurement of the controlled system, b, isthe gain control input, y isthe speed
feedback, ¢ and e, arethesystemerrors, u, ishecontrol value calculated by NLSEF, u isthe control

value by compensation.
Inthe TD’sequation, r, and h arethe adjustable parameters. In the ESO’s equation, b, b, b,

b, and h are the adjustable parameters. In the NLSEF's eguation, b,, b,, d, a, a, and b, are the
adjustable parameters. By adjusting these parameters, the ADRC can achieve good control effect.

Simulation Experiment and Analysis

Based on the idea of modular modeling, the BLDCM Fuzzy-ADRCcontrol system simulation model is
built by using MATLAB/Simulink. The Fuzzy-ADRCcontrol system includes the speed control
module, the current hysteresis control module, the torque calculation module, the voltage inverter
module, the motor module andthe commutation module. The Fuzzy-ADRCcontroller is applied to the
speed control. Thefuzzy controller isrealized by the fuzzy inference systemtoolbox in MATLAB. The
ADRC's three parts, TD, ESO and NLSEF, are designed and packaged by S-function.The
Fuzzy-ADRC controller is achievedto switch the control strategy by using switch module in Simulink.
The simulation model of Fuzzy-ADRC controller is shown in Fig. 3.
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Fig. 3 Simulation Model of Fuzzy-ADRC Controller
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Select the motor parameters as, rated voltageu,, =24V, rated speed n, =6700r/min, back-EMF
coefficient k, =0.031V/(rad/s) , phase resistance R=1.31w, phase inductance L=1.64H , rated load

T, =0.0777N>m, rotary inertia J = 4.24” 10 °kg>m?, damping coefficient B =8.06" 10 ° N xm>s/rad . Select
the ADRC parameters as, TD parametersinclude r, =15, h=0.02, ESO parameters include b,, =100,

b, =65, b, =80, h=0.01, b, =1, NLSEF parameters include b, =100, b, =10, d =0.01, a =0.75,
a, =125, b =1.

The step response of the Fuzzy-ADRC controller and the PID controller is shown as Fig. 4. The
sinusoidal signals response of the Fuzzy-ADRC controller and the PID controller is shown as Fig. 5.
The square signals response of the Fuzzy-ADRC controller and the PID controller is shown as Fig. 6.
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Fig. 4 The Step Response of the Fuzzy-ADRC Controller and the PID Controller
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Fig. 6 The Square Signals Response of the Fuzzy-ADRC Controller and the PID Controller
Fromthe step response curves of the Fuzzy-ADRC controller and the PID controller in Fig. 4, it can
be seen that the overshoot of the traditional PID controller islarger, reaching 9.2%, and the adjusting
time is about 0.095s. However, the overshoot of the Fuzzy-ADRC controller is only 1.4%, and the
adjusting time is about 0.06s. From the sinusoidal signals response curves and the square signals
response curves of the Fuzzy-ADRC controller and the PID controller in Fig. 5 and Fig. 6, it can be
seen that the maximum tracking error of the traditional PID controller is 6.4% and 9.8% respectively.
However, the Fuzzy-ADRC controller’ s maximum tracking error is only 0.7% and 1.8%respectively,
and the tracking speed is obvioudly faster to the traditional PID controller. From simulation results, it
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can be seen that the Fuzzy-ADRC control system has good dynamic and static response ability, can
commendablysuppress overshoot and shorten the adjusting time, and solvesthe contradiction between
the overshoot and response speed ofthe traditional PID controller.

Conclusions

This paper designs a BLDCM Fuzzy-ADRC speed control system by combining the fuzzy control
strategy and the ADRC strategy. The current loop is controlled by current hysteresis controller, and the
speed loop is controlled by Fuzzy-ADRC controller. Fuzzy controller is adopted when the speed error
is high and ADRC controller is adopted when the speed error is low. The control system is modeled
and smulated by MATLAB/SIMULINK. The simulation results show that, the Fuzzy-ADRC control
system has good dynamic and static response capability, the smaller overshoot, the faster adjusting
speed, the higher adjustment precision. And the Fuzzy-ADRC controller has smply algorithm and
sufficient feasibility.
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