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 Owing to the consistent development in the high energy permanent magnet 

materials and in the power semiconductors along with control methodologies, 

permanent magnets brushless DC motors (PM-BLDCs) had been used widely 

in miscellaneous industrial applications recently. This paper presents an 

adaptive neuro-fuzzy inference system (ANFIS) controller for a Six-Step 

BLDC motor drive. This ANFIS controller for BLDC motor drive is used for 

improving the performance characteristics of the BLDC motor by supporting 

the profile of the torque, current, speed, and inverter voltages. The effective 

performance of the proposed ANFIS controller is evaluated through a 

comparison with the classical proportional-integral-derivative (PID) and 

Fuzzy controllers. Results disclosed the preeminence of the proposed ANFIS 

controller over both of the classical PI and Fuzzy controllers. All these 

simulations are performed using MATLAB/SIMULINK. 
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Nomenclature 

u(t) Control action of PID controller 

𝑘𝑃 Proportional gain 

𝑘𝐼 Integral gain 

𝑘𝐷 Derivative gain 

𝑒(𝑡) Error 

LP large positive number  

MP medium positive  

SP small positive  

𝑍 zero value  

LN large negative  

MN medium negative 

SN small negative 

𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐 Motor phase currents 

𝑒𝑎, 𝑒𝑏 , 𝑒𝑐 Motor phase back EMFs 

R Resistance 

Ls Self-inductance 

M Mutual inductance 

Kb Back emf constant 

Tem Electromagnetic torque 

J Moment of inertia 

D Damping constant 

Ω Angular speed 

Kt Torque constant 
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1. INTRODUCTION  

Brushless DC (BLDC) motors are synchronous electrically powered motors; powered by DC 

electrical current. They are different than DC motors because of their electronic commutation control, instead 

of the old way of a mechanical commutation system which uses brushes. Nowadays, BLDC motors are widely 

used in various applications, right from motor vehicles, control and industrial applications to aircraft. The 

primary reason for increasing such motors' usage can be attributed to good weight/size to power ratio, excellent 

acceleration performance, little or no maintenance, less acoustic and electrical noise than Brushed DC motors 

[1]. This has led to significant researches for some control applications of the BLDC motors. Many control 

schemes were applied to BLDC motors but the PI controller is still the most commonly used one because of its 

simplicity in installation and construction besides the low cost [2],[3]. There are many problems associated 

with using classical PI controllers if applied to control the BLDC motors. These problems are represented in 

the non-linearity in the system and the variation in the operating conditions, such as load variation with its 

consequences on the motor speed. The non-linearity problem has been addressed using many optimization 

techniques for optimal tuning of the PI/PID controller parameters [4-6]. Three optimization techniques were 

presented for optimal tuning of PID controller parameters for BLDC motor speed control, namely particle 

swarm optimization (PSO) and the Bacterial foraging (BF) technique [11],[12]. The results indicated that the 

BF technique was more efficient and effective than PSO. 

The second problem appears even with the optimal tuning of PI/PID controller parameters. The 

optimization is not guaranteed except at the operating conditions at which the parameters were optimally tuned. 

This calls for on-line tuning of the PI/PID controller parameters, which is hard to be achieved as the long time 

taken by the optimization techniques to optimally tuning the PI/PID controller parameters [4]. To solve this 

issue, many adaptive control schemes were applied for example but not limited to artificial neural network [5], 

model predictive control [6], model-free adaptive control [7], and adaptive-network-based fuzzy inference 

system (ANFIS), [16-18].  

 R. Kandiban, R. Arulmozhiyal suggested an improved adaptive Fuzzy PID controller for BLDC 

motor speed control as in [9]. The simulation and experimental results show that the Fuzzy logic controller 

[10] effectively and efficiently controls the BLDC. The comparison between the fuzzy controller and PI 

controller is presented for speed control of BLDC motor using MATLAB simulation as in [13]. A neuro Fuzzy 

controller was tested for BLDC motor speed control with good performance as given in [14],[15]. ANFIS was 

used for speed control of BLDC motor as in [16]. This study showed the BLDC motor speed profile only during 

constant and variable loads without offering any other profiles for the electromagnetic torque, stator current 

and voltages. Another survey of speed control of BLDC motor with ANFIS controller was presented. The 

torques and inverter voltages waveforms were investigated only, without addressing the stator currents, which 

is an important issue when studying such motor control methods [17]. The performance of the ANFIS controller 

for BLDC motor speed control with investigating speed, voltage and current were given in [18] but without 

introducing any other control methodology to assess the proposed control method (ANFIS).  

This paper presents an ANFIS controller for adjusting the speed of a BLDC motor. Besides improving 

the motor speed profile, the ANFIS controller also improved the motor currents and electromagnetic torque. 

The improved ANFIS controller proposed in this paper is compared to the other two control methods: classical 

PI controller and fuzzy controller. The ANFIS controller showed better performance than the two other 

controllers by comparing some control indices including maximum overshoot and the settling time.   

The rest of this paper is sorted out as follows: Section 2 gives a short portrayal and numerical plan of 

the Six-Step BLDC motor drive operating principle and model equations. In Section 3 the PID controller is 

explained. The idea of Fuzzy control system is discussed in section 4. The concept of (ANFIS) is illustrated in 

section 5. The results and discussions are in section 6. Finally,the conclusion of the research is in Section 7. 

 

2. BLDC MOTOR OPERATING PRINCIPLE AND MODEL 

 

The brush-commutator arrangement has several disadvantages, including sparking and wearing out of 

the arrangement components. At the same time, the electronic one is characterized by the absence of brushes. 

Therefore, these problems do not exist, which is one of the essential advantages of using electronic-

commutation. BLDC motors are permanent synchronous machines with rotor position feedback. The brushless 

motors are generally controlled using a three-phase power semiconductor bridge. The motor requires a rotor 

position sensor for starting and providing a proper commutation sequence to turn on the power switches in the 

inverter bridge. Based on the rotor position, the switches are commutated sequentially every 60 degrees. Instead 

of commutating the armature current using brushes, electronic commutation is used [19]. 
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Figure 1. Basic block diagram of BLDC motor 

 

The block diagram of the BLDC motor is shown figure 1. The BLDC motor consists of four main 

parts include power converter, permanent magnet-synchronous machine (PMSM), sensors and control 

algorithm. The power converter transforms power from the source to the PMSM, which converts the electrical 

energy to mechanical energy. The rotor position sensors have great importance and effects on the operation of 

BLDC motors. These sensors and the command control signals affect the motor performance through torque, 

voltage and speed commands. The control algorithms used for BLDC motors drive the gate signal of the power 

electronic switches and consequently improve the motor performance.  

Mainly there are two control algorithms for BLDC motor control, namely voltage source-based drives 

and current source-based drives. Both of these control algorithms were used in a permanent magnet 

synchronous machine with either sinusoidal or non-sinusoidal back emf waveforms. The Machines with 

sinusoidal back emf, shown in figure 2 may be controlled to achieve nearly constant torque. However, a 

machine with a non-sinusoidal back emf, figure 3 reduces the inverter sizes and reduces the losses for the same 

power level [15],[16]. 

 
Figure 2. Trapezoidal back emf of three-phase BLDC motor 

 

 
 

Figure 3. Sinusoidal phase back emf of BLDC motor 

 

The BLDC motor is fitted with a rotor magnet and three stator windings. Rotor-driven currents may 

be neglected due to the magnets' high resistivity and stainless steel [8]. The motor voltage equations can be 

given as [19]: 

  

Va=iaRa+La

dia

dt
+Mab

dib

dt
+Mac

dic

dt
+ea                                                       (1) 

 

Vb=ibRb+Lb

dib

dt
+Mba

dia

dt
+Mbc

dic

dt
+eb                                                       (2) 
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Vc=icRc+Lc

dic

dt
+Mca

dia

dt
+Mcb

dib

dt
+ec                                                      (3) 

 

where ea, eb and ec are the back emfs which are functions of rotor angle that is given by 

 

e=Kbωm                                                                                                 (4) 

 

where Kb is the back emf constant.  

 

These voltage equations can be formulated in a matrix form as: 

 

                                   [

Va

Vb

VC

] = [

La Mab Mac

Mba Lb Mbc

Mca Mcb Lc

]
d

dt
[

ia
ib
ic

] + [

Ra 0 0

0 Rb 0

0 0 Rc

] [

ia
ib
ic

]  + [

ea

eb

ec

]         (5)    

 

Since there is no saliency, self-inductance is independent of the rotor position. Therefore, 

 

𝐿𝑎 = 𝐿𝑏 = 𝐿𝑐 =  𝐿                                                                                                (6) 

And mutual inductances 

 

𝑀𝑎𝑏 = 𝑀𝑏𝑎 = 𝑀𝑏𝑐 = 𝑀𝑐𝑏 = 𝑀𝑎𝑐 = 𝑀𝑐𝑎 = 𝑀                                             (7) 

 

For a balanced three phase system, phase resistances are equal, i.e., 

 

𝑅𝑎 = 𝑅𝑏 = 𝑅𝑐                                                                                                       (8) 

 

The matrix form of the three-phase voltages given in (5) can be updated based on the assumptions (6-8) as : 

 

[

𝑉𝑎

𝑉𝑏

𝑉𝐶

] = [
𝐿 𝑀 𝑀
𝑀 𝐿 𝑀
𝑀 𝑀 𝐿

]
𝑑

𝑑𝑡
[

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [
𝑅 0 0
0 𝑅 0
0 0 𝑅

] [

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [

𝑒𝑎

𝑒𝑏

𝑒𝑐

]                           (9) 

The electromagnetic torque can be expressed as: 

 

𝑇𝑒𝑚 = 𝑗.
𝑑𝜔𝑟

𝑑𝑡
+ 𝐷𝜔𝑟 + 𝑇𝑙                                                                                   (10) 

 

Where the electromagnetic torque depends upon back emf and rotor current and can be expressed as: 

 

𝑇𝑒𝑚 =
1

𝜔𝑚[𝑒𝑎𝑖𝑎 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐]
                                                                       (11) 

 

From the above equations, the transfer function can be deduced to be as follows: 

 

𝐺(𝑠) =
𝜔(𝑠)

𝑉(𝑠)
=

𝐾𝑡

[(𝐿𝑠 + 𝑅)(𝐽𝑠 + 𝐷) + 𝐾𝑡𝐾𝑏]
                                              (12) 

 

In the BLDC motor is fed a PWM inverter. Decoding the signals from the Hall effect produces signals 

from the inverter gates. It is based on the use of 6 different steps according to an angle of 60o electrical rotation. 

The term trapezoidal refers to the current waveform and the form of the back electromotive force that is 

produced by this process. Nevertheless, the 6-step algorithm is based on sensing the rotor's position using three 

hall sensors that are mounted in the drive motor. These hall sensors are installed every 120o, six separate 

commutations are possible with these sensors, and phase switching depends on the values of the hall sensors. 

The chart of these steps are shown in figure 4.  
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Figure 4. Schematic of Six-Step Commutation model 

 

Designing an appropriate and applicable controller for any process is an important and vital issue to 

overcome any error and reach the desired target at minimum time.This paper introduces a speed control of 

BLDC motor using three different controllers, PID,Fuzzy and ANFIS. 

 

 

3. PID CONTROLLER 

PID controller is used in this paper as a benchmark controller [2-4] to test the ANFIS proposed 

controller's effectiveness. The first step is to measure the actual speed of the BLDC motor (wa). This actual 

speed is compared to the reference speed (wd) which is assumed to be 3000 rpm. The error between these two 

speeds is used to stimulate the PID controller to generate the control signal used to generate the inverter gate 

pulses. The PID controller for the speed control of BLDC motor is shown in figure 5-a. The error between the 

reference and the actual motor speeds can be defined as:   

 

𝑒(𝑡) = 𝜔𝑑(𝑡) − 𝜔𝑎(𝑡)                                                                                        (13) 

 

Then the control signal (u(t)) is defined as: 

𝑢(𝑡) = 𝑘𝑃  𝑒(𝑡) + 𝑘𝐼  ∫ 𝑒(𝑡)𝑑(𝑡) +
𝑡

0

𝑘𝐷

𝑑𝑒(𝑡)

𝑑𝑡
                                              (14) 

 

 

4. FUZZY LOGIC CONTROLLER 

The Fuzzy Logic controller's basic components are a knowledge base, fuzzification, inference 

engine, and interface for defuzzification. In the Fuzzy logic controller, the addition of fuzziness to data is 

called fuzzification. Fuzzy linguistic definitions are formal device representations made by fuzzy rules of the 

IF-THEN. This process for the Fuzzy Controller is updated to keep the motor speed at 3000 rpm. The Fuzzy 

controller block diagram is shown in figure 5-b 

 

5. ADAPTIVE NEURO-FUZZY  INFERNRCE CONTROLLER 

The ANFIS technique is simply constructing an input-output network depending on feed-forward 

learning techniques; its construction consists of nodes and links connecting these nodes. All of them are 

adaptive targeting to minimize error as possible by learning [13]. ANFIS lets linguistic and numerical data be 

combined. The neuro-fuzzy systems can acquire numerical knowledge of fuzzy, by comparison. Inside the 

adaptive neuro-fuzzy model, two basic learning algorithms are required. One is the structural learning 

algorithm to find suitable fuzzy logic rules and the second is the learning parameter algorithm to change the 

membership functions and other parameters according to the output of the target system [13]. Training 

algorithms of gradient-descent from the neural network field are used in this analysis.  The approach is usually 

expressed as modeling Neuro-Fuzzy. Under the Takagi-Sugeno (TS) model, two fuzzy if-then rules are given 

as follows for communication of the ANFIS structure: 

 

Rule 1: If (x is A1) and (y is B1) then f1 = p1x+q1y+r1 

Rule 2: If (x is A2) and (y is B2) then f2 = p2x+q2y+r2 

 

Here, ri, pi and qi are the design parameters determined during the period of training phase.  
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ANFIS controller system's general block diagram designed for a fuzzy controller is shown in figure5-c. The 

ANFIS controller method uses a multi-iteration testing technique and a hybrid learning algorithm. 
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(c) 

Figure 5. Block diagrams for the three controllers proposed (a) PID Controller (b) Fuzzy Controller 

(c) ANFIS controller system 

 

all adjustable parameters (weights and membership functions) are changed by ANFIS' learning or 

training algorithm to compare ANFIS output to trained data. The output of Fuzzy system z in eq (15).  

𝑧 =
𝑤1

𝑤2 + 𝑤1

𝑧1 +
𝑤2

𝑤1 + 𝑤2

𝑧2 

= 𝑤1̅̅̅̅ (𝑝1𝑥 + 𝑞1𝑦 + 𝑟1) + 𝑤2̅̅̅̅ (𝑝2𝑥 + 𝑞1𝑦 + 𝑟2) 

= (𝑤1̅̅̅̅ 𝑥)𝑝1 + (𝑤1̅̅̅̅ 𝑦)𝑞1 + (𝑤1̅̅̅̅ )𝑟1 + (𝑤2̅̅̅̅ 𝑥)𝑝2 + (𝑤2̅̅̅̅ 𝑦)𝑞2 + (𝑤2̅̅̅̅ )𝑟2                  (15) 

 

Nevertheless, if membership function parameters are not set and require adjustment, the area to be 

trained becomes wider, and convergence of the training algorithm slows down. In such cases, the hybrid 

learning algorithm with gradient descent and least-squares gives more effective results. The neuro-fuzzy block 

diagram of BLDC motor shows in figure 6. 
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Figure 6. Block diagram of Neuro-Fuzzy Controller 
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6. RESULTS AND DISCUSSIONS 

This paper introduces speed control of BLDC motor using ANFIS. The proposed ANFIS controller's 

performance is compared to the other two controllers, PID and Fuzzy controllers. In this paper, a Six-Step 

BLDC Motor is utilized along with the controllers and simulated in MATLAB/SIMULINK.  The various 

parameters used for simulation are listed in Table 3 in the Appendix.  

• PID Controller  

Most industrial applications use PID Controller because its ease of usage and simplicity of tuning 

parameters at the value make the system unstable. The used coefficients for our controller after many trials 

with the try and error method and Ziegler Nichols method are KP=0.0017, KI=027, and KD=0. 

• Fuzzy Controller  

The error and derivative error of speed are used as the two inputs. Membership functions of input and 

output variables have been shown in figures 7 (a),(b).  The base rules of the obtained fuzzy inference system 

consist of 49 rules.  The fuzzy rules are as shown in table 1.  

 
(a) 

 
(b) 

Figure 7.  Membership functions for the speed error input (a) speed error input (b) dervative of the speed 

error input 

 

Table 1. Fuzzy Rules Matrix 
E 

dE 
LP MP SP Z SN MN LN 

LP LP LP LP LP MP SP Z 

MP LP LP LP MP SP Z SN 

SP LP LP MP SP Z SN MN 
Z LP MP SP Z SN MN LN 

SN MP SP Z SN MN LN LN 
MN SP Z SN MN LN LN LN 

LN Z SN MN LN LN LN LN 
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• ANFIS Controller 

As usual at any industry application, more effective performance with the fastest response is required, so 

it was the start of using some intelligent techniques depends on learning like Neuro Fuzzy techniques specially 

ANFIS (Adaptive Neuro Fuzzy Inference system) which also depends on Fuzzy logic controller and integrating 

these rules of fuzzy in neural network to make it learning in the system and to improve its performance very 

fast. The simulation structure of adaptive neuro-fuzzy system with MATLAB is shown in figure 8. 

 

 
Figure 8.  ANFIS structure for speed control of BLDC motor. 

To keep the motor speed at a constant value of 3000 rpm under different operating conditions, the ANFIS 

controller is used to compare PID and fuzzy controllers. The system performance with these controllers will 

be investigated through the speed, electromagnetic torque, rotor angle and stator currents waveforms in terms 

of dynamic performance indices, including steady-state error, maximum overshoot and settling time. 

        The motor is improved when applying the proposed ANFIS controller rather than using PID and Fuzzy 

controllers. ANFIS controller succeeded at eliminating the maximum overshoot while the other controllers 

were unable to eliminate it as depicted n figure 9. Despite the success of the three controllers in keeping the 

speed constant at 3000 rpm, the ANFIS controller reached this speed in less time than the other two controllers.  

 
   Figure 9. Speed response of BLDC Motor for all controllers. 

       The electromagnetic torque of the BLDC motor is examined with the three controllers. The best trend for 

this torque is obtained when using ANFIS controller in terms of maximum overshoot and settling time as in 

figure10. It is worth saying that the BLDC motor will be converted from motor o generator mode as the sign 

of the electromagnetic torque is inverted when using PID and fuzzy controllers. While the ANFIS controllers 

succeeded at keeping the motor in the motor mode as no change in the electromagnetic torque, figure 10.  

       The rotor angle is plotted with the three controllers in figure 11 with the superiority of the ANFIS controller 

to PID and Fuzzy controllers. The maximum best profile for the stator current is obtained when applying 

ANFIS controller as in figure 12 a, b and c. 
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   Figure. 10 Electromagnateic response of BLDC Motor for all controllers 

 

 
    Figure. 11 Rotor angle response for all controllers. 

 

 
(a)  
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(b)  

 
(c)  

Figure. 12 Three-phase stator currents (a) PID controller (b) Fuzzy controller (c) ANFIS controller. 

From these results, the robust stability for the Six-Step BLDC DC motor drive system using the proposed 

ANFIS controller. The Maximum overshoot and settling time values of speed and electromagnetic torque 

curves for PI, Fuzzy and ANFIS controllers are listed in Table 2. It is inferred that the ANFIS controller has 

high performance compared with PI and Fuzzy controllers from the above figures and statistics in Table 2, 

respectively.  

Table 2. Comparative study for three controllers. 

State variable PI Fuzzy ANFIS 

Max overshoot Speed 0.0743 0.2091 0 

Settling time Speed 0.0654 0.0412 0.0304 

Max overshoot (Te) 0.383 0.6066 0.5574 

Settlingtime (Te) 0.1 0.0392 0.0379 

    

7. CONCLUSION  

This paper presents an ANFIS controller for speed control of BLDC motor along with comparisons with 

other controllers, PID and Fuzzy controllers. ANFIS controller proposed to improve the motor's performance 

by enhancing the speed, electromechanical torque, and stator current profiles. ANFIS controller succeeds at 
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eliminating the overshot in the motor's speed. Also, the ANFIS controller could keep the motor in the motoring 

mode, while PID and Fuzzy could not keep the motor in the motoring mode. 

Table 3. Brushless Dc Motor Parameters 
  Motor Parameters 

Back electromagnetic force Trapezoidal 

Number of pole pairs, P 4 

Rated Torque (Nm.) 20 
Rated Speed (rpm) 3000 

Rated Current (A) 5 

Stator phase resistance Rs (ohm) 2.8750 
Stator phase inductance Ls (H) 8.5*e-3 

Rotor inertia (gcm2) 0.8e-3 

Stator phase, star connections 
3 

Number of phases 
3 
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