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In recent years, electric vehicles are the large-scale spread of the
transportation field has led to the emergence of brushless direct current (DC)
motors (BLDCM), which are mostly utilized in electrical vehicle systems. The
speed control of a BLDCM is a subsystem, consisting of torque, flux
hysteresis comparators, and appropriate switching logic of an inverter. Due to

the sudden load torque variation and improper switching pulse, the speed of
the BLDCM is not maintained properly. In recent research, the BLDC current
control method gives a better way to control the speed of the motor. Also, the
rotor position information should be the need for feedback control of the
power electronic converters to varying the appropriate pulse width modulation
(PWM) of the inverter. The proposed optimization work controls the
switching device to manage the power supply BLDCM. In this proposed self-
ameliorate soft switching (SASS) system is a simple and effective way for
BLDC motor current control technology, a proposed control strategy is
intended to stabilize the speed of the BLDCM at different load torque
conditions. The proposed SASS system method is analyzing hall-based sensor
values continuously. The suggested model is simulated using the MATLAB
Simulink tool, and the results reveal that the maximum steady-state error value
achieved is 4.2, as well as a speedy recovery of the BLDCM's speed.
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1. INTRODUCTION

Recently, brushless direct current motors (BLDCM) have gained so much interest due to their simple
control and easy maintenance. In other motors, the brushless direct current (DC) motor about torque pulsation
shows better performance than the traditional positioning counterparts. This characteristic comes from the low
cogging torque of the brushless DC motor. The BLDCM has numerous features such as linear torque-speed
characteristics and easiest control arrangements, which do not necessitate complex hardware. The hall sensor-
based speed control of the BLDCM is shown in Figure 1.

In this work, Xia and Gao [1] presented that self-ameliorate soft switching (SASS) reduces the torque
ripple and the speed control of the BLDC motor. The typical method is pulse width modulation (PWM) control
plus a continuous control scheme. By controlling the current-based control structure the hysteresis controller
is utilized. Both of these systems have a high current control since the value of the controlled variable is forced
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away from the surrounding reference value within certain limits. However, it is difficult to apply to the device
because this technology has a short hysteresis band ripple when the high switching frequency and large
hysteresis band are wide and uncontrollable. In contrast, the PWM current control with a lower current control,
but it has the advantage of a constant frequency switching device. Thus, the PWM method is suitable for low
hysteresis current control transistor switching losses and the power ratio. Moreover, the acoustic and
electromagnetic noise filter is relatively easy since the frequency is stable.

BLDC
DC supply Inverter motor
t 1 1
Driver circuit Hall Effect
i
Controller S::::;

Figure 1. Functional block diagram for the BLDCM

As described above, the control voltage source inverter variable speed drive stability plays a key role,
cost minimization is becoming one of the proposed DC brushless motor control systems of most important
issues. In this system, a three-phase AC inverter drive is mainly applied and has certain advantages since, for
example, in a power transistor, conduction loss is reduced, reducing the number of the easier control algorithm,
to generate a switching signal. The appropriate switching signal will maintain the speed control of the BLDCM.
The SASS system provides a stability control operation of the BLDC motor. with this analysis the various
features like rise time (seconds), less settling time (seconds), and maximum overshoot (seconds) is obtained
with an effective ratio.

2. LITERATURE SURVEY

The growing demand for motorized applications such as electric vehicles and industrial automation
has led to increased interest in BLDCM due to their relatively small size and performance [2]. It proposes a
coordinated optimal shift control system for electric motor torque control, a two-speed gearbox introduced in
the process of slip clutch in electric vehicles. Among these, the torque of the motor and clutch thrust signals
are input to the optimized controller [3], [4]. A robust sliding mode controller (RSMC) was structured, and the
guided control law is separated into two sections: continuous and discontinuous. Delay problems with linear
quadratic regulators (LQRs) and networks have established goals to reduce reference state tracking errors and
reduce the control strength of the BLDCM [5]. Specifically, some safety regulation formulations for charging
electric vehicles (EVs) to ensure electrical safety and prevent dangerous accidents. Among them, the
requirements for need battery safety for electric vehicles are the two main driving factors. When connected to
renewable energy generation [4], the comprehensive system for assessing the electrical safety of large electrical
vehicle fast charging simplified (EVCSs). For mobile EVs, the only viable solution for electromagnetic energy
charging, inductive power transfer (IPT) cannot compare with other technologies, static offers the possibility
and includes dynamic charging [6].

The advantages of steering controllers for path tracking together with torque vectors [7] and path
tracking controllers are used in autonomous electric vehicles, either through integrated torque systems or
through separate implementations. A safe driving and control system is connected to automatically accelerating
or securing a vehicle safety constraint while optimizing deceleration [8]. It proposes an optimal method for any
type of charge depletion mode for versatile vitality utilization minimization methodology module of the electric
vehicle [9]. The adaptive sliding mode fault tolerant coordination (ASMFC) controller is used for speed control
of BLDCM. The sliding mode controller will analyze the speed at different time responses [10].

The dynamic remote force charging innovation of electric vehicles is a transmitter curl, which is put
under the ground. At the point when the electric vehicle and the getting should be overload the hysteresis
current controller should be regulate and stabilize the speed [11] to realize the wireless dynamic charging of
the vehicle, a modular multi-level converter (MMC) with basic embedded units, integrated balance function

Int J Elec & Comp Eng, Vol. 13, No. 3, June 2023: 2459-2470



IntJ Elec & Comp Eng ISSN: 2088-8708 O 2461

represents an effective alternative of the EV system [12]. The development of electric vehicles features the
charging network business market and forms, including the internet of things based communication system
[13] charging network policy. The hybrid energy storage system (HESS), along with high power density
ultra-capacitors, consists of high energy density battery packs. Motor drives for internal permanent magnet
(IPM) motors are usually designed depends on a fixed DC bus voltage [14].

To exploit this consecutive drive repetition to decrease machine corruption while guaranteeing that
the necessary shut circle execution [15]. It proposes another switched reluctance motor (SRM) with a wide
speed extend for EV applications [16]. Electric motors are generally reasonable for vehicle applications since
they can grow high beginning forces. This prompted the improvement of batteries for working EVs, In-wheel
operation of the wheel, and energy component vehicles [17]. Brushless DC motors are three-phase permanent
magnet motors and require a DC voltage as their power source [18].

Transportation is the principle segment that produces human wellbeing and air contamination, which
is poisonous to the reasons for an unnatural weather change. Air contamination can be limited by utilizing
sustainable power sources and propelled electric engines for inside ignition motor transportation [19]. Accurate
analysis of vehicle performance is required, including dynamic models of many components such as its electric
motor, its battery, and its motor controller [20]. Another regenerative braking system (RBS) has been proposed
for use in the EV and is driven by a brushless DC motor. During regenerative slowing down, BLDC is act as a
generator [21]. To meet the endless fuel demands of vehicles, research on hybrid vehicles with the wireless
battery charring system [22]. For high-efficiency energy recovery and safety series of hybrid electric vehicles,
the integrated braking system has a subsystem and advanced power consumption braking strategy are utilized
[23], [24]. In the open loop control of BLDC motor, speed is set to reference value, whereas in closed loop
control this is varied at any given time for the operation at desired speed. It is observed that, BLDC motor
running with fixed speed without having any significant ripples in torque. With the PI controller for closed
loop operation, performance of the motor has been modeled for the varying load [25], [26].

3. PROPOSED SYSTEM

The general structure of the proposed dynamic rule-based vector formed control fed BLDCM drive
model is showed up in Figure 2. It comprises of BLDCM, Inverter, position resolver, and controller. The speed
controller controlled BLDCM drives the feedback circuit in the external circuit, and the coordinated vector
current driver, which produces an effective result. When the phase current is detected at the time of
measurement, the current part of the torque and magnetic flux is gained through the coordinate transformation.
Then, the two currents are compared to a predetermined reference value, and through a single proportional
integral (PI) current controller, which determines the error handling nominal voltage at the motor terminals.
The actual speed of the motor is sensed and related with a reference value command. The rate error is processed
by the SASS speed controller, which determines the reference and the determined set point from the fuzzy rule.
The proposed SASS speed controller combines the benefits of fuzzy controllers.

DC INPUT

THREE PHASE INVERTER.

A AL A AA AA 4

DRVC GATE SIGNAL
DRIVER
- ACTUAL SPEED &
REF SELF- AMELIORATE SOFT POSITION
SWITCHING (SASS) PULSES ESTIMATION

SIGNALS (VECTOR CONTROL)

Figure 2. Proposed block for speed control BLDCM

The load torque variation-based switching function is executed in a simulation model based on the
selected error value when the start time of the fuzzy controller. In running operation, the SASS controller to
provide better performance to vary the PWM signal according to the error ratio. Based on the error value
inverter will varying the speed of the BLDCM. During the movement, the transfer switch determines the SASS
controller to provide improved performance.
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3.1. Modeling of BLDCM

Modeling of BLDCM can be developed similarly to three-phase synchronous motors. Due to the
permanent magnets installed on its rotor, some dynamic properties of the BLDCM are a different form of
synchronous motor. The flux linkage from the rotor depends on the magnet. Thus, the saturation magnetic flux
linkage is characteristic of such a motor. The typical structure of the voltage source inverter (VSI) fed BLDCM
is shown in Figure 3.

4 S6 s2 i
RS Ly 3 + -

Model of BLDCM

Three Phase VSI

Figure 3. Three phase inverters based BLDCM

The armature modeling equation of BLDCM is expressed (1) to (3).

. diy
V1 = R]1 + L1 E + E12 (1)
Vz = R]Z + L2 % + E23 (2)
. dj
V3 = Rl3 + L3 d;: + E31 (3)

Or the compact matrix form is (4).

Vi1 [R+pL 0 0 iy Eiz
VZ = 0 R+ pL 0 iz + E23 (4)
v, 0 0 R+ptllis] e,

where the L, L,, L3 is self-inductance and the R represents the armature resistance, also V; V,, V5 = terminal
voltage, i, i,,i3 = motor input current in ampere and E,, E,3, E3; = motor back emf in volts. p in the matrix

represents %.
The modified back EMF must be expressed (5) to (7).

E;2(H) = K. 8(8) w(V) )
Ex(t) =K. @ (9 - 2?11) w(t) (6)
Esi(®) = Ko 9 (0 +25) w(t) )

where in, K is the back electromotive force constant, w is the mechanical speed of the brushless DC motor. It
generates a torque that also affects the permanent magnet flux is a trapezoid.

T, = (Eli1+Eiiz+E3i3) (8)

The torque T. can be gained by the subsequent expression,

Ty () = Kp = 9(0) * iy (D) )
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T,(t) = Ky * @ (e - 2?“) *iy (1) (10)
To(®) = Kp 0+ (0 +2) + iy (1) (11)
Tg(®) = (Ty (V) + T2 (V) + T5(V) (12)

where, Ky is the torque constant. The angular motion of the rotor can be expressed (13).

To() = To(® = J&O 4 B+ wo(1) (13)

dt
where, Ty (t) is load torque in N-m, J is rotor inertia in [kgm] 72, and B is damping constant

3.2. Self-ameliorate soft switching based closed-loop speed control operation

The Brushless DC motors can be controlled by controlling a three-phase inverter using SASS
switching pulses. Provides data about the required speed and torque values during an error condition in the
control unit. The BLDC motor drive control is used SASS as a switching controller which consists of three
main components, namely fuzzification, defuzzification, and dynamic rule decision logic interface. In Figure 4,
shows the input data is converted into suitable language variables. The input and output variable estimates are
numerical variables, and the resulting variable estimates are semantic factors, for example, negative big factor
(NBF), negative average factor (NAF), negative small factor (NSF), zero (Z), positive small factor (PSF),
positive average factor (PMF) and positive big factor (PBF).

Rule Matrix

Reference De.
Speed and Fuzzification —» BLDCM

Fuzzification
torque
™ Decision |
making
Logic

SASS Actual speed
controller Sensing

-

Figure 4. SASS closed-loop block diagram

3.2.1. Fuzzification

Fuzzification is the first step in applying fuzzy inference systems. Most of the existing actual variables
(reference speed and torque) are scalable variables (reference speed). Those desired variables (input and output)
are converted into desired fuzzy variables, and then from the application to improve the SASS to process the
data inference to obtain the desired output. Finally, in most cases, those fuzzy output variables need to be
converted back to the desired, in order to achieve the desired control objectives.

The triangular membership function is assigned to the input and output variables. As a function of the
error variable normalized interval [-1.1, 1.1]. The universe of discourse changes in the error function is
normalized in the interval [-0.04, 0.04]. Figure 5 shows the input membership functions.

3.2.2. Decision making logic

Input-output relational language choice rules are summarized in Table 1. The reasoning engine carries
out the instructions for Rule 49 (77), and it then processes the variables. MATLAB's fuzzy logic tools (FTL)
are used to do an interpretation of the rules based on the tables that were created for the rules' creation.
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Figure 5. Membership function of the input variables

Table 1. Decision table rule base
Rule Error e(k)
NBFE NMF NSF ZEF PSF PMF PBF
NBF NBF NBF NBF NBF NMF NSF ZE
NMF NBF NBF NBF NM NS ZE PS
NSF  NBF NBF NMF NSF ZE PSF  PMF
NB NM NS ZE PS PM  PB
PSF NMF NSF ZE PSF  PMF PBF PBF
PMF NSF ZE PSF  PMF PBF PBF PBF
PBF ZE PSF  PMF PBF PBF PBF PBF

Change in error
Ce (k)
N
m

3.2.3. De-fuzzification

In order to make this conclusion or fuzzy output available in practical applications, a clear process is
needed. The defuzzification process converts the fuzzy outputs of classical or standard output back to the
control target. The fuzzy conclusion or output is still a linguistic variable, which needs to be converted into a
standard variable in the defuzzification process. Figure 6 shows the output membership function.

Membership function plots

it mi2 mi3 mig mi5 miG mi3

\ /\ /\ ;’/\-\
/ \ / \ /)
\  / | X

degree of membership

output variable “output]™

Figure 6. Output membership functions

3.3. SASS controller-based inverter control system

BLDC motor is operated based on a six-step commutation sequence or 120°-degree conduction mode
to generate switching pulses for power switches in the inverter. At any time, only two phases of the motor are
energized, and the other phase is in a floating state. This calculation logic helps the trapezoidal BLDCM counter
electromotive force. Table 2 shows the six switching states used to generate commutation logic for BLDC
motor. In the general driving circuit of a BLDC motor is a three-phase inverter as shown in Figure 7. From the
Table 2 can observe that at any instant only two switches conduct, and each switch conducts for an interval of
120°. The corresponding phase current showed in Table 2 for six switching states shows that at every 60-degree
interval one phase current is zero.
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Table 2. Switching Table for BLDC motor
Hall Signal Line Current Sign

A B C ON Switch Phase A Phase B Phase C
0 0 1 sSiI s6 1 0 1
0 0 0 S1 34 1 1 0
1 0 0 s4 S5 0 1 !
1 1 0 S2 S5 -1 0 !
1 1 1 s3 2 -1 1 0
0 1 1 S3 S6 0 1 -1
o 81 s 83 sl 85
i
= BATTERY 5 / o
1
_me4 ol 86 oM 82

Figure 7. Circuit for three-phase inverter driving BLDC motor

In the first switching step top switch of leg A and bottom switch of the leg, C conducts and the R
phase current is positive and the B phase current is negative. In the next switching step top switch of leg A and
bottom switch of leg B conducts and the R phase current is positive and the Y phase current is negative. In the
next switching step top switch of leg C and bottom switch of leg B conducts and the B phase current is positive
and the Y phase current is negative. In the next switching step top switch of leg C and bottom switch of leg A
conducts and the B phase current is positive and the R phase current is negative. In the next switching step top
switch of leg B and bottom switch of the leg, C conducts and the Y phase current is positive and the B phase
current is negative. In the next switching step top switch of leg B and bottom switch of leg A conducts and the
Y phase current is positive and the R phase current is negative.

3.4. Self-ameliorate soft switching control algorithm

In this work, it will be shown that SASS techniques can also be used useful in applications, where
traditional controls perform well. The Fuzzy logic allows for simpler and more robust control solutions whose
performance can only be matched by traditional controllers. In this work, the fuzzy speed controller is replaced
with a SASS to improve the performance of the BLDCM.

The SASS controller uses speed tracking error and its change as input and generates reference torque
as output. The input signal is defined (14) and (15).

= 0" (k) — wacrual (k) (14)
Ce(k) = werror(K) — Werror(k — 1) (15)

where, w* (k) is the set speed of the BLDCM; w gceyq; (k) is the speed of the motor at k?"-samples; Ce(k) is the
changing in error at ki-samples.

In order to improve the sensitivity of control, the quantization factor used for the actual value of the
error and its change is quantified, and then they are mapped to the fuzzy set domain X={-m, -m+1, ..., 0...,
m+1, .... 0, m-1..., m}. The performance of the system will be improved by the determination of the SASS
control rules as the result of increasing difficulty m which is the larger value. In this work, the value of m is
used as a pair of errors and changes in error Ce(k). The output signal from the fuzzy domain is converted into
a base structure domain or actual output by using the scaling factor so that the output can be used to control
the system.
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3.4.1. SASS algorithm steps

Step 1: Initializing a set of predefined error e, and then mapped to the fuzzy set domain X

value & Center; A) Error b) error rate (variation of error) and set domain.

Step 2: Fuzzy set formation

Fuzzy set example, NBF, NAF, NSF, Z, PSF, and PMF, and PBF.

Step 3: Fuzzy calculation of the membership degree of each fuzzy set input.

Step Compute the error Werer(K),

Step 5: The actual value of the error and its change are quantified, and then they are mapped

to the fuzzy set domain X={-m, -m+1,..., O..., M+1l,... O, m=-1..., m}.

Step 6: The performance of the system will be determined by a control rule difficulty SASS

increased m a result a large value.

Step 7: Choose candidate branch uj in order from the discrete control set {SO, Sl... S6},

where j= 1, 2... 7, then calculate predictive node xj(k+m), finally m=m+1.

Step 8: If m<F, go back to step 4); else, go to the next step.

Step 9: Calculate the each of the negative branch uj (k+m-1) in order by equation, where
j= 0, 1... 7, then calculate the momentum function Jk+mon the basis F, I, V weighs
matrices and previous Jxk+mtl (if m=F, J*k+m+1=0). Minimize Jk+m to select the
optimal input u*(k+m-1) and determine SASS control signal sequence Ux*(k+m-1).
Finally, m=m-1.

N

where,
(k+m-1)= Negative node rotor angle compare with the modulation index
Jk+m= inertia of the motor with modulation index
m= F is the modulation index with inverter frequency
Ux (k+m-1)= SASS control signal sequence of the inverter
Step 10: Apply the first optimal input u*(k) to the BLDC system.
End this algorithm.

Figure 8 provides an explanation of the control processes followed by the SASS controller while the
BLDCM speed control operation is being performed. The set speed and reference speed are both determined
by the SASS controller in this control module. Their determination is dependent on the value that will be

changed by the inverter PWM.

Measure the Speed of
the BLDCM

If actual speed

value (@) No
=reference speed

(w*)

Both the speed are equal : Derivation of error

: | e(wywaan, and o)
SASS produce Normal PWM : l
SASS produce Varied
Inverter T ! PWM based on the
l " error ratio

BLDCM -

D

Figure 8. The flow diagram for the SASS based BLDCM

Int J Elec & Comp Eng, Vol. 13, No. 3, June 2023: 2459-2470



IntJ Elec & Comp Eng ISSN: 2088-8708 O 2467

4. RESULTS AND DISCUSSION

This proposed method of induction motor driver system utilizing MATLAB2017b software is to be
used and simulate the system function and coordinated into the simulation model of a SASS system. The
implementation of the proposed model in MATLAB/Simulink, the use of the system, and the ability to display
libraries SIM power supply system-wide settings BLDCM proof, which is seen in Figure 9. The overall
Simulink model has given the BLDC motor controlling strategy. The DC source is given to the system, and the
converter is given to the supply of the motor. The proposed SASS system is used to control the system's power.
It is shown in Figure 9. The system torque, phase current, and flux are analyzed in this system.

Figure 10 gives the system output current of the BLDC motor. The proposed SASS control system
performance is improved. The torque is applied at 0.2 seconds, due to this, the stator current is maintained at

0.2 seconds.
Gales Decoder ﬁ@
Gates  emf_abc ——emf_abc Hall 9
Discrete N s aea
Se-07 s.
Reference D
speed (RPM) o Tm «<Stator current is_a (A} v
al+
1500 i l_ aled A N \m “@——
+ alB <Rotor speed wm (radE
@ h_ s rad2rpm N (rom}
a0
W Bje—=
<Electromagnetic torque Te (N*m)>
S P ﬁ T ul |_ [:]

h 4

Speed c
regulator

Te (N.m)

Figure 9. Proposed system Simulink model

Stator current waveform

T e

Figure 10. Output current of the proposed system

Figure 11 shows the BLDC motor torque. For the differential speed analysis of the load, torque is
applied at the time duration of 0.2 seconds, based on the torque value, the speed and stator currents are varied.
Figure 12 gives the system speed of the BLDC motor. Using the proposed SASS controller, stabilize the speed
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of the BLDC at 1500 RPM due to the load torque variation at the time of 0.2 seconds the speed of the BLDCM
is slightly varied the proposed SASS controller is the quick recovery of the speed of the BLDCM. To analyze
the different parameters, for example, recovery time, and peak overshoot time, steady-state error to compare
the performance BLDCM. From the simulation, the test is arranged in Table 3 and the results show that the
SASS-based controller provides better results.

The control system parameters for varying different load torque condition conditions are represented
in Table 3 and Figure 13. The system will compare with the proposed SASS controller. When compared to
other conventional techniques, the proposed method gives a perfect result. From all of the above analysis, the
assignment SASS control method proposed various parameters that have been evaluated and compared to other
conventional methods that have produced results accuracy.

Load Torque
25 F T T T 1 1 ¥ ¥ t f -
20 H t . : t : + t + + .
~ 15 -1
£
:é_ln - -
sH ! ! | ! ! ! ! ! o
o /R NESS— | 4 { 4 + 1 4 4 1
| | 1 1 1 | | 1 |
0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 09 |
a0 Time (seconds)
Figure 11. BLDC motor torque
Rotor speed
T
1600 1
o s
1400 [ A :
1200 ,
1000
E g0 .
= |
2 |
cﬁ' 600 !
4001
200 '
0 |
I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
. Time (seconds)
Figure 12. BLDC motor speed
Table 3. Comparing the performance parameters of The BLDC motor
Methods ~ Reference Value Peak Overshoot Recovery Recovery Steady State Error Steady State
(RPM) Time (sec) Overshoot (%) Time (sec) Value (RPM) Error (%)
PID 1500 0.6417 0.7632 0.66 9.25 0.69
Fuzzy 1500 0.6010 0.5423 0.60 6.25 0.52
SASS 1500 0.9563 0.4231 0.41 4.2 0.36
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Peak Time Recovery Overshoot (%) Recovery Time Steady State error value Steady State Error (%)
(rpm)
Control method

Figure 13. Comparison analysis

CONCLUSION

This work introduces the modeling and simulation of the photovoltaics (PV) fed BLDC based water

pumping system mode with a controller, namely the SASS. The performance of the controllers has been
validated using MATLAB, and detailed analyses of all the parameters are presented. With this special model
results are obtained from simulation; it is clear that for the improvise operating condition for the BLDC speed
control; the steady-state value is 5.8% which is better than the existing controller. From the summary of results,
it can be presumed that error elimination and complete reduction of steady-state error are the unique features
of the proposed SASS controllers. The constant speed operation ensures the constant operation of the
automotive way. The advanced SASS control produces the maximum steady-state error value is 4.2.
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