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Abstract: The Brushless Direct Current (BLDC) motors have shown to be a cost-
effective alternative to traditional motors. The smooth and efficient operation of
the BLDC motor is dependent on speed regulation. This research proposes a sen-
sorless intelligent speed control technique for BLDC using an Adaptive Network-
based Fuzzy Inference Systems (ANFIS) based Artificial Bee Colony (ABC)
algorithm. The motor’s back EMF is measured, and ANFIS is used to generate
Hall signals. The ABC is then utilized to provide the pulses needed for the
three-phase inverter, avoiding the requirement of logic gate circuits. The input
DC voltage to the inverter is controlled by a PI controller. The Optimized Field
Oriented Control (OFOC) is implemented to control the sensorless BLDC motor.
The proposed method is implemented and the outcomes are analyzed by
MATLAB/SIMULINK and there is no overshoot and have low settling time
and also the steady state error is very low than the existing methods. This pro-
posed method can be improved by reducing the number of ANFIS controllers
by incorporating a single controller whose main parameters shall be optimized
by latest optimization techniques, and the results reveal that the proposed strategy
is effective in managing the motor’s speed.

Keywords: Artificial bee colony algorithm; ANFIS; BLDC motor; PI controller;
sensorless control

1 Introduction

In recent years, BLDC motor is broadly used in industries and home due to its better performance, higher
power density and lesser noise compared to other motors. In many industries and organizations, conventional
fans are being replaced by energy efficient BLDC fans for saving energy consumptions. Based on the
magnetic field energizing and motor winding current the speed of BLDC motor is controlled. As a result,
the rotor current and voltage can be adjusted to control the motor speed [1]. Several studies have
presented several speed control approaches for BLDC motors with Hall sensors [2]. ANFIS was created
to operate a matrix converter supplied BLDC motor and was optimized using the Bacterial Foraging
algorithm [3,4]. Few approaches [5—7] use intelligent algorithms to control the input DC voltage to the
inverter, while the pulses are generated using signals from Hall sensor of the BLDC motor. Few other

This work is licensed under a Creative Commons Attribution 4.0 International License, which
@ @ permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.


mailto:selvapradeep20201@gmail.com
http://dx.doi.org/10.32604/iasc.2022.023470
http://dx.doi.org/10.32604/iasc.2022.023470

1758 IASC, 2022, vol.33, no.3

approaches [8] use intelligent algorithms to control the modulating signal and to generate pulses to the
Inverted fed BLDC motor. However, the above said techniques uses hall sensors to detect the relative
position of the rotor with respect to three phase stator windings. These hall sensors have limitation of
poor performance during high temperatures which make the system to be unstable [9].

Sensorless control has emerged as an alternative to overcome the limitations of using sensors.
Researchers have proposed several sensorless control techniques for BLDC motor [10—13]. Some of these
techniques [14] use conventional methods and some other [15] uses intelligent techniques. However these
methods use complex mathematical models and logical blocks in implementation.

Recently, the sensorless control of PMBLDC motor drive via hybrid control of Z source inverter adopts
fuzzy logic control approach is presented. ZSI are used for changeable input voltage and are regulated with
all typical PWM systems [16]. Sensorless BLDC drive speed control using the zero-crossing detection of
indirect back EMF approach is presented recently. Thus, the result shows, hybrid of fuzzy-PI controller
shows the better performance than the fuzzy logic, anti-windup-PI and conventional PI [17]. The Control
strategy of PWM is applied using an Arduino uno hardware prototype that was created and built, and the
effectiveness of the approaches is demonstrated are evaluated, the current cutting methods can reduce
torque peaks during startup.

Recently fuzzy logic based switching technique has been implemented which simplified the logic gates
design [18,19]. Artificial Bee Colony (ABC) is one of the strategies used to identify the best solution to
complicated issues. The ABC algorithm is recreated by mimicking the activity of honey bees while
looking for a good food source. This approach is a fast, simple & population-based stochastic search
algorithm influenced by honey bee seeking behaviour. This introductory section of the paper is followed
by proposed methodology, simulation results and analysis.

2 Proposed Methodology

This section describes the ABC optimised ANFIS controller’s systematic design approach for sensorless
speed regulation of a BLDC motor. During the first phase, the BLDC motor model parameters are determined
based on the motor specifications, as well as an initial range of ANFIS controller settings. In the proposed
work, the developed back EMF in the stator of the BLDC motor is converted to hall signals using an ANFIS
controller. The ABC controller is then used to convert the hall signals to pulses required for the three phase
inverter, meanwhile PI controller controls the DC input to the inverter. A simplified block diagram of the
suggested system is specified in Fig. 1. The proposed work’s design constraints are following: Settling
time (#;) < 1 s, steady state error (ey) < 1%.
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Figure 1: Block diagram of the proposed methodology
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2.1 ANFIS Controller

The ANFIS is an intelligent tool [20] used for prediction and control [21,22]. The ANFIS controller’s
job in this project is to produce hall signals from the BLDC motor’s stator back EMF. Three distinct ANFIS
controllers, one for each hall signal, have been designed. Each ANFIS block is built with 3 inputs (Back EMF
at 3 phases) and one output (Hall Signal for one phase). The ANFIS controllers are trained with
10000 training samples having 5 membership functions for each input and grid partition techniques is
used to generate the fuzzy inference system. Triangular membership function [23] is used for the inputs
and constant membership function is used for output.

Fig. 2 shows the proposed ANFIS controller for generating Hall signals. For this work the triangle
membership function (Trimf) is applied, because compared with others, the triangle membership function
is the simplest form with a triangular curve. It is specified by three factors that define three points: b for
the curve’s tip, ¢ and a for the feet. The following Eq. (1) expresses the mathematical formula of triangle
membership function.

Triangular (x,a,b,c) = max (min (%, 1, %),0) €))

=

round

Rounding

ANFIS1 -
—
Back EMF Hall Signaks

Rounding —> -
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Figure 2: ANFIS controller for generating hall signals

The ANFIS is trained using hybrid learning rule with 125 rules for generating the output. The obtained
training error is 0.0812. Since the value of Hall signal should be either 1 or 0, a rounding function is used at
the output side of each ANFIS to generate the required Hall signals [24].

2.2 Artificial Bee Colony (ABC)

The Artificial Bee Colony algorithm is based on the behavior of wild bees to find the best solution to
limited situations. The ABC algorithm has the following characteristics: (i) minimal control parameters,
(i1) quick convergence ratio and computing time, (iii) exploration and exploitation, and (iv) adaptability is
good. There are three types of bees in the ABC algorithm: employed bees, observer bees, and scout bees.
The first part of this algorithm consists of employed bees, whereas the remaining part of the algorithm
consists of observer bees. The quantity of bees utilised is proportional to the amount of food available in
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the natural environment. One hired bee, in particular, exploits every food source accessible in the natural
environment. When the hired bee’s food supply is depleted, it becomes a scout bee. The position of a
food source provides a possible solution to be optimised in the ABC algorithm. The fitness of the
optimum solution corresponds to the profitability of the food supply. The ABC algorithm involves the
following steps:

Phase of initialization: ¥, =}, + rand (0,1) (¥,,. — *,.,),/ = 1,2,.....,D )
Phase of employed bees: Vy; = x; + Jy(x; — xi) 3)
fit;
Phase unemployed bees: P; = ——— @)
> i1 fiti

where, D—vector dimensional, x,,,—minimal bounds of x; in j direction, ¥/, , —maximum bounds of x; in
J™ direction, J;—random number, fit—employed bee’s fitness values of the i solutions and SN—solution

number.
The algorithm’s essential phases are outlined below.
Step 1: Initialize bee’s food location

Step 2: With the success of the improved food source, all employed bees discovered another food source
at her nutrition supply site—fitness call function—current and voltage measurements for BLDC
motors [E,, = [bee(ind(1),:)Fit(ind(1))].

Step 3: Depending on the value of the bee’s solution, each onlooker bee creates a new food source and
takes advantage of the superior food supply: Q; = 0.5(onlooker = [bee(ind (1), :)Fit(ind(1))].

Step 4: Identify the deserted source and send its employed bee as a scout to look for other food sources:
(outpest) = abs(10 * (rand (2, length(pism,)) — 0.5))).

Step 5: Remember the finest food source you’ve discovered so far (Best,;qn= Best(1:end-1)).
Step 6: Repeat steps 2—5 of the ABC method until the stopping ideal parameter values are achieved.

Fig. 3 shows the flowchart for ABC algorithm. The ABC’s flowchart depicts the fundamental execution
phases for determining the best controller settings with ABC. It begins by initializing the controller parameter
boundary values, design requirements, and updated time domain specifications. The ABC algorithm is used to
extract the optimal parameters from the design requirements, updated time domain, and controller parameters.
Finally, the condition is satisfied when the steady state error and settling time are within the limit. ABC finds
many applications in electrical engineering in the areas of prediction and control. In this work, a new approach
to generate switching pulses directly from ABC is proposed and implemented. A back propagation neural
network is created and trained based on the switching configuration presented in Tab. 1.

3 Optimized Field Oriented Control

A brushless motor Optimized Field Oriented Control (OFOC) is currently being developed; it might also
be used to successfully develop motor pump units for automotive applications. FOC is reported to be more
efficient than back-EMF zero crossing detection methods in terms of torque generation. The BLDC motor’s
speed control has three inputs and six switching functions. The sensorless controlling algorithm is
implemented in this work and it control the first position of the rotor with respective with the switching
configuration of the neural network. Most sensorless control systems based on back-EMF detection can
perform satisfactorily in steady-state circumstances when running at medium to high speed control
ranges. The motor, on the other hand, fails when it comes to a halt or is running at a slow speed.
Therefore, to speed up the process, a certain starting procedure should be applied. Sensorless algorithms
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can speed up a motor to a particular speed work in a reasonable manner. Fig. 4 illustrates the sensorless FOC

algorithm’s block diagram.
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Figure 3: ABC algorithm’s flowchart

Table 1: Pulse generator switching configuration for training ABC

Hall signals Switching configuration
A B C Si S, S; S4 Ss Se
0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 1 1 0
0 1 0 0 1 1 0 0 0
0 1 1 0 1 0 0 1 0
1 0 0 1 0 0 0 0 1
1 0 1 1 0 0 1 0 0
1 1 0 0 0 1 0 0 1
1 1 1 0 0 0 0 0 0
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Figure 4: Sensorless FOC algorithm’s block diagram

ua — ia X Ra ua — ia X Ra

CTTE x kE ®)

Te = ct X Yf x ia = kT X ia (6)
di

ua = Raia + Lai + ea @)
dt

ea = cEYf o = kEw (8)

o = /wdt ©)

n=60w2mn (10)

where,

ua—voltage applied to the rotor coil

cE, ct—motor constants (usually identical)

Ra—rotor’s coil resistance

kE—electrical constant of the motor

yf —magnetic field flux linked to the coil’s defined area
ia—current flowing through the rotor coil
kT—mechanical constant of the motor

Fig. 5 depicts the flow chart of the sensorless algorithm. The back-EMF detection method cannot be
employed at low speeds or when the motor is stopped since the back-EMF is proportional to the motor
speed. Despite this limitation, the motor can be started from a standstill using a starting process. In
essential applications such as intelligent electro-mechanical (EMA) and electro-hydraulic (EHA) actuators
in aviation systems, precision start-up of a DC motor is required. Electrical commutation is typically
accomplished in the initial running stage by using a traditional PWM signal that energies a transistor
power stage. The pulses produced by ANFIS are presented in Fig. 5.
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Figure 5: Flow chart of sensorless algorithm

The flux estimator calculates the rotor flux by subtracting all voltage drops not related to the back EMF
from the applied phase voltage. After that, the estimated back-EMF is used to find the rotor flux. When the
applied phase voltage or measured current is not perfect, as in low-speed operation, sensorless algorithms are
less reliable. The flux estimator’s input signals in this example come from an orthogonal two-phase stator
system with the index and. The rotor angle is represented by the output signal.

The initial rotor position computation is dependent on the DC-link current response when voltage
vectors are used, therefore the voltage vectors’ amplitude and output time are critical. Because the
amplitude is determined by the DC-link voltage, we can only measure their output time.

Once the rotor’s initial location has been known, the starting voltage vector may be calculated. However,
in the n accelerating phase, we must update the rotor position. However, when the motor is rotating, the
previously indicated detecting mechanism may produce a reverse torque. As a result, a certain starting
procedure must be followed.

4 Simulation Output and Analysis

In this section, system modeled and simulated by MATLAB/SIMULINK to validate the effectiveness of
the suggested methodology. Under constant load, no load, and fluctuating load situations, speed response
features of two different set speeds are investigated. The results are compared to methods that have
already been published in the literature. The simulation plan for the proposed system is exposed in Fig. 6.

The main conditions of selecting BLDC motor are; voltage constant—86.96, torque constant—~0.84,
flux linkage—0.105, stator phase resistance—0.7 €, stator phase inductance—2.72 mH. Two reference
speeds, 1500 rpm and 1200 rpm are considered for 3 different operating conditions (no load, constant
load and varying load) are considered for the analysis. For all working situations, the controller gain
parameters of the PI controller are set to KP = 0.002 and KI = 10. The proposed ANFIS-ABC controller
of stator back EMF of sensorless BLDC motor on reference speed 1500 rpm with no load condition of
speed and torque.
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Figure 6: Simulation plan of the suggested speed controller of the BLDC motor
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Initially, the simulation is run for a set/reference speed of 1500 rpm. The stator EMF and the hall signals
generated by ANFIS under no load condition are presented in Figs. 7a—7c. The switching pulses required for
the three-phase inverter depicted in Fig. 8 are generated by an ABC-based pulse generator. The Fig. 9
represents the drive’s Torque response with ANFIS controller.

(@) (b)
Figure 7: (a) Stator back EMF of 3 phases of BLDC motor. (b) Hall signals generated by ANFIS
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Figure 9: Drive’s torque response with ANFIS controller

During no load condition, BLDC motor reaches the steady state speed of 1500 rpm in 0.03 s. The steady
state error is equivalent to 0.09 rpm (0.006%). With a constant load of 1.5 Nm applied to the motor, the steady
state speed error equals to 0.7 rpm (0.047%). The system is then simulated under varying load condition (i.e.,
Torque of 0.75 Nm from 0 to 0.25 s and 1.5 Nm from 0.25 to 0.5 s). The motor experiences a dip of 28 rpm
from its normal speed and takes 0.02 s before it recovers to the normal operating speed. The DC input voltage
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to the inverter is controlled by the PI controller. The speed increases practically linearly with time and gently
approaches the required value. The time response values speed of 1500 RPM are expressed as follows:
settling time ¢, = 0.03 s, Peak overshoot Mp = 0% and Steady State Error ey, = 0.006. The DC voltage
plots are identical in both load and no-load conditions. It indicates that the load has an influence on the
voltage, which are provided from the supply end. Figs. 10a—10c depicts the speed vs. time response in no
load and load conditions. From the figure, the speed is increased from zero in the transient situation and
eventually settles to a steady state value. Similarly the speed increases practically linearly with time and
gently approaches the required value. The time response values speed of 1200 RPM are expressed as
follows: settling time #, = 0.032 s, Peak overshoot Mp = 0% and Steady State Error e;, = 0.009. The
speed characteristics of various operating condition for the set speed of 1500 RPM is presented in Figs.
10a—10c. To test the efficiency of the suggested method, the system is also simulated for a reference
speed of 1200 rpm under similar operating conditions. The results are presented in Figs. 11a—11c.
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Figure 10: Speed characteristics of BLDC motor for no load, (a) Constant load, (b) Variable load, (¢) DC
voltage to the inverter for 3 loading conditions for set speed of 1500 RPM
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Figure 11: Characteristics of BLDC motor for no load, (a) Constant load, (b) Variable load, (¢) DC voltage
to the inverter for 3 loading, Conditions for set speed of 1200 RPM

The Tab. 2 shows the enactment analysis of the proposed Hybrid technique of ANFIS & ABC with
OFOC to the existing methods. The following Fig. 12 shows the comparison of overshoot, settling time
(s) and steady state error (%) for various existing method and proposed method. By this compression the
research found out the proposed method have no overshoot, low settling time and also the steady state
error is very low than the existing methods. The results depict the effectiveness of the suggested system
under different reference speed conditions. Tab. 3 shows the comparison of different controllers with
proposed method under no load and load condition.

It demonstrates that the PI controller has a high Peak Overshoot under no load and load torque scenarios.
In addition, the PI controller has a longer settling time. Though the fuzzy-PI controller provides a smooth
response with no peak overshoots and is faster than the PI controller, the proposed ANFIS-ABC provide
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no overshoot, low settling time and also the steady state error is very low than the existing methods. The
consolidated results are presented in Tab. 4.

Table 2: Performance comparison of proposed method with existing method

Methods Overshoot Settling time (s) Steady state error

PID 8.428 0.0946 0.57%

Fuzzy-PID 2.82 0.058 0.45%

Back EMF-PI 0.26 0.59 1.18%

ANFIS & ABC-PI 0 0.03 0.006%
Overshoot Settling Time (sec)

Fuzzy -PID

: Fuzzy -PID
Backpl;ZMF ANFIS & v Back EMF-PI

ABC - PI ANFIS &

ABC - PI
(a) (b)
Steady State Error

1.50%
1.00%
0.50%
0.00%

PID

Fuzzy -PID

Figure 12: Comparison of (a) overshoot (b) settling time (c) steady state error for existing method with
proposed method

Table 3: Comparison of different controllers with proposed method

Controller PI Fuzzy-PI ANFIS-ABC
At no load Peak overshoot 23.25 0 0

Settling time 0.6 0.4 0.3

Steady state error(rpm) 2 5 0.6
At load application Peak overshoot 1.16 0 0

Settling time 1.2 1.01 0.034

Steady state error 2 6 0.047
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Table 4: Simulation results for the proposed method

Condition Parameters Speed = 1500 RPM Speed = 1200 RPM
No load condition Overshoot 0.0% 0.0%
Settling time 0.03 s 0.032 s
Steady state error 0.006% 0.009%
Constant load condition Overshoot 0.0% 0.0%
Settling time 0.032 s 0.034 s
Steady state error 0.047% 0.077%
Varying load condition Recovery time 0.015 s 0.015s

The proposed method simplifies the mathematical and logical modelling of inverter switching circuits
for BLDC motor position sensorless control. The results reveal that the proposed strategy is effective in
managing the motor’s speed. This research work mainly considered only the switching portion, compared
to less concentration on the input side. In future work, intelligent control schemes to control the gain
parameters of PI controller will be considered.

5 Conclusion

A new methodology for speed regulator for sensorless BLDC motor is proposed and tested in this paper.
The ANFIS controller to generate Hall signals eliminates the use of Hall sensors and the ABC based pulse
generation eliminates the logic gate circuits generally used for generating switching pulses. A PI controller
controls the input DC voltage to the three phase inverter. The proposed methodology’s simulation results
have shown that it is effective for controlling the speed of a BLDC motor under various operating
situations. Besides, the method can be improved by reducing the number of ANFIS controllers by
incorporating a single controller whose main parameters shall be optimized by latest optimization techniques.
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