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Abstract

Brushless Direct Current (BLDC) motors are advantageous because of their
higher efficiency, higher speed operations and higher power density. Indus-
trial applications demand BLDC motors free from torque ripple. The torque
ripple is due to the unequal commutation period between the energised phase
and unenergized phase current. It is a perilous problem in sensorless BLDC
drive as it leads to speed oscillations, acoustic noise, serious faults, and
vibration in machines. The torque ripple can be reduced either by improving
motor design parameter or by improving the motor control strategy. This
paper proposes a Proportional Integral (PI) controller-based control scheme
for a cuk converter driven sensorless BLDC motor to reduce the torque ripple.
The proposed scheme invokes Zero Crossing Point (ZCP) detection with back
emf sensing approach. The presence of inductor reduces the ripple in the
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input and output currents. The performance of the strategy is verified using
MATLAB R2018a Simulink for different operating conditions of a BLDC
drive and the results prove that the recommended scheme decreases the torque
ripple compared to the conventional scheme.

Keywords: Sensorless BLDC motor, cuk converter, back emf sensing,
torque ripple reduction, PI controller.

1 Introduction

The BLDC motors are best suited for industrial applications due to their
merits over traditional brushed motors. The merits of BLDC motor include
high efficiency, higher speed operations, high reliability, no commutator and
brushes, less maintenance, long operating period, high power density, effi-
cient speed-torque characteristics, good dynamic response, low rotor inertia
and low acoustic noise [1].

The conventional DC motors are plagued with challenges like mechanical
friction, noise, creation of electric sparks, interference of radio signals, high
manufacturing cost and maintenance issues [2]. The research in BLDC motor
mainly focuses on the sensorless control with an objective to minimize the
volume, cost and weight of the motor, reduce torque ripple, design a compact
and versatile controllers and enhance the system reliability [2]. In a sensorless
drive, the instant at which the floating phase terminal voltage matches half the
input voltage is used to determine the commutation time. There are various
back emf sensing methods mentioned in the literature survey viz., ZCP of
back emf sensing, Pulse Width Modulation (PWM) strategies, integration
method, third harmonic voltage integration and terminal current sensing [3].
The flux distribution in the air gap generates trapezoidal back emf in the
BLDC motor [4]. The ZCP of back emf of the floating phase is used to
detect the rotor position. The ZCP detection of weakened phase is effective
for medium and high speed ranges than low speed ranges [5]. An inductor
is connected to the motor windings for low speed operation of the back emf
detection with better performance [6].

The torque ripple minimization is a critical problem in sensorless BLDC
drive that leads to speed oscillations, acoustic noise, serious faults and
vibration in machines [7]. The mutual torque generates useful ripple than
the cogging and reluctance torques [8]. The torque ripple is owing to the
difference in the commutation time of the conducting phases [9] and cause
serious faults in sensorless motor drive. Due to this fault, BLDC motor
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cannot be used in high accuracy servo drive applications, where the speed
and position control of the drive system is very important. The difference in
commutation time and the fault due to this issue also results in speed ripple,
noise, vibrations and produces poor quality of speed-torque characteristics.

Dae-Kyong Kim et al. states that the terminal voltage of BLDC motor is
used to compute the PWM to minimize the ripple [10]. The developed method
is realised experimentally in an air conditioner compressor controller to
reduce the pulsating currents and vibrations of BLDC motor. Three commuta-
tion control methods are mentioned for a complete evaluation of commutation
torque ripple [11]. A comparative analysis of different converter topologies
for torque ripple reduction techniques of sensor BLDC is discussed [12].

In the sensorless BLDC drive, the control strategies are mainly dependent
on the current and torque control [13]. The hysteresis controllers suffer by
several transformations which complicates the control techniques without
the improvement in the torque control [14]. Several Direct Torque Control
(DTC) topologies have been employed in BLDC motor applying conven-
tional [15, 16] and unconventional [17, 18] inverter topologies. This DTC
strategy is used to control the torque using 2-phase and 3-phase conduction
mode. But the reduction in torque leads to unbalanced switching frequency
of inverter switches and high common mode voltage of brushless DC motor
which produces common mode current in drives. This common mode cur-
rent creates electromagnetic interference, affects bearings of the machine,
and increase the heating effect of the armature conductors conduit [19].
This approach balances the inverter switching frequencies by producing
control signals from the null voltage vectors and it removes the common
mode voltage shortcomings. A two-level hysteresis controller is mentioned
using three-phase conduction mode to give significance on active voltage
vectors [13].

A low-pass filter is presented for the sensorless control of BLDC motor
based solar PV system [20] with Sliding Mode Control (SMC). Two con-
trol sensors are proposed for the measurement of DC bus voltage and PV
current. This increases the overall system reliability with low cost and less
sensors. This technique is experimentally tested in a compressor of cooling
system. The rotor position during commutation can be estimated using the
flux linkage method [21]. It is stated that the commutation appears at lowest
or highest point of flux linkage. This method gives reduction in torque ripple
and precise commutation time. A speed independent flux linkage strategy for
low speed operation and a novel PI controller for commutation point detection
is suggested for high speed operations [22]. This strategy subjected to high
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frequency interference, changes in the parameters during starting period and
load disturbances.

This paper suggests a PI controller tuning of cuk converter for the torque
ripple reduction in a sensorless BLDC motor and uses ZCP detection method
of back emf sensing approach for variable speed drives. The proposed strat-
egy performance is verified using MATLAB Simulink with different speed
and torque conditions of a BLDC drive. The simulation result shows that
the recommended scheme decreases the torque ripple rather than the conven-
tional scheme. The proposed system improves the stability of the BLDC drive
and reduces the switching losses. The presence of inductor reduces the input
and output current ripple.

2 Mathematical Modelling of BLDC Motor

The schematic circuit of a BLDC motor is shown in Figure 1. In the BLDC
motor 2-phases are energised and one phase is non-commutated phase. The
stator winding phase resistances are assumed as R, = Ry = R, and the
self-inductances (L) and mutual inductances (M) are constant [23].

The terminal voltages of three phase BLDC motor are given by,

diy

Va = Raia'i_L d; +ea+UN (1)
. diy,
VbZRalb—FL%—f—eb—l—UN 2)
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Figure 1 Schematic circuit of BLDC motor.
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Where,

Vi, Vi, Ve = Terminal voltages of stator windings in Volts
14,1y, 1. = Phase currents in Ampere

€q, €p, €. = Back emfs in Volts

L =Phase inductance in mH

Un = Neutral point voltage of the motor

We know that under balanced condition,

o+ iy +ic=0
Vab Ra 0 0 ia
‘/bc = 0 Ra 0 ip
Vea 0 0 Ryl |ic
d L—-M 0 0 iq €a
+% 0 L—M 0 il + |ep +[UN]
0 0 L—- M| |i. €c
“4)
The stator voltage equation is given by,
: diq
Vab:Raza‘i‘(L_M)E‘f'ea‘i‘UN (5)
. duy,
%c:Ralb‘F(L—M)E“‘eb‘FUN (6)
: dic
Vm:Razc%—(L—M)a+ec+UN @)

3 Commutation Torque Ripple Analysis

The output torque 7; of a BLDC motor is determined from the output power
P, and from the mechanical angular velocity wy, and it is driven by the 120°
conduction mode. The electromagnetic torque is given by,

Py

T;=—
Wm

T, = €qlg + ez)zb + ecle ®)
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Let us consider 4, 7 as incoming and outgoing phase currents and i, as
floating phase current.

la = —lc; iy = 0;
lg=—lc=1
eqg=—¢€e.=F )
Before commutation, the expression for the developed torque is,
T, = —2Fi, (10)
w

After commutation, the torque expression is given by,
_ 2Fi,  —2Ei.
T w w

Ty

The expression for the terminal voltages during commutation is given by,

dig,
Raia+Lé+E+UN=0 (11)

. dip
Raiy + LE +E+Un=Up (12)

. di,
Razc—}—L%—E—l—UN:(l—d)Ui (13)

Where,

d = Duty cycle switch
Uiy, = Inverter input voltage in Volts

The addition of Equations (11)—(13) gives,

2-d)Uy, — FE
Uy = ()3 (14)
From the Equations (13) and (14).
The change in ‘c’ phase current is given by,
dic _ (1 =2d)Ujn, +4FE — 3Ryic (15)

dt 3L

The duty cycle for the steady state non-commutated phase current can be
obtained by equating Equation (15) to zero and can be written as,
4F — 3Rgic

d=0. _— 1
0.5+ 2T, (16)
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During high-speed region torque ripple can be minimized by possessing
the inverter input voltage as,

Uin > 4E — 3Ryic. 17)

The Equation (17) shows that the torque ripple can be reduced by
increasing the DC-link voltage to four times the back emf.

4 Proposed Sensorless Commutation Torque Ripple
Reduction Strategy

The idea behind the proposed work is to detect the commutation instant and
reduce the torque ripple. The commutation instant is detected using the ZCP
detection method of back emf sensing. In this method, the floating phase
voltage is compared with virtual ground voltage and the instant at which
the floating phase voltage is greater than or equal to the ground voltage, the
commutation is initiated. This method of back emf sensing is simple and
suitable for variable speed drives [24].

In this section, PI controller tuning of cuk converter for a sensorless
BLDC motor for the torque ripple minimization is discussed. The Equa-
tion (17) shows that during the commutation period, the torque ripple can
be minimized by increasing the DC-link voltage to four times the back emf
voltage. Hence, the boost mode operation of cuk converter can be used to
increase the potential. The cuk converter has continuous input current and
output current, it uses L-C filter which reduces the ripple current, and the
bidirectional energy flow increases the efficiency of the converter. Since
the voltage of the cuk converter must be increased during commutation,
Pulse Amplitude Modulation (PAM) scheme is used to increase the value
of DC-link voltage during commutation time.

The cuk converter with PAM provides a sudden increase in the input volt-
age during commutation than the other type of converters. The boost mode
of cuk converter is used to reduce the current ripple during the commutation
period. The proposed strategy shown in Figure 2 consists of rotor position
sensing unit, phase voltage control unit of converter, non-commutated phase
current control unit and mode selection unit of cuk converter. The actual
speed and current are adjusted to obtain the voltage control of the cuk
converter. This voltage control unit consists of PI speed and current controller
to provide the voltage for the MOSFET of cuk converter and based on this
voltage, the mode selection unit performs its operation.
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Figure 3 Normal conduction period of cuk converter.

During the buck-boost mode, the inverter and BLDC drive are supplied
by the DC voltage and it is increased during the boost mode. The voltage
chopping is done by PAM which in turn reduces the voltage stress on
MOSFET and reduces the current ripple. The cuk converter shown in Figure 3
is suggested to improve the input voltage during the commutation interval.
The switch T, and diode D, are used as the mode selection circuit. The
normal conduction is enabled by turning off T and by turning ON the diode
Dg to run the BLDC motor through the DC supply voltage. During this
mode of operation, the inverter input voltage can be controlled by the speed
and current control strategy without the PWM scheme. At the instant of the
normal conduction, the average line voltages of conducting phases are given
by the Equations (5) and (7),

Vie = —2Rgic + 2E = dpUsn, (18)
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Table 1 Proposed system parameters

1263

Motor Type and Proposed Converter Parameters Values

PMBLDC motor Voltage, V' 24V
Power, P 70W
Rated current, 1 4 A
Rated load Torque, T° 2 N/m
Rated speed, N 3000 r/min
Back EMF coefficient, k.  0.028 V/(rad/s)
Number of poles, p 6
Resistance, Rpn 033 Q
Inductance, L 0.61 mH

Cuk converter Capacitance C 1100 uF
Capacitance Ca 2200 puF
Inductance L 330 uH
Inductance Lo 330 uH

Where,
d,, = Duty cycle of inverter switch T

—2Rgic + 2F

dy =
U;

19)

In Figure 4, the switch 75 is closed and diode D; is open during commu-
tation and the converter is operating in boost mode. In this condition, the DC
input voltage is improved by including the capacitor voltage. The proposed
strategy performance is verified under rated conditions with the parameters

given in the Table 1.

The duty cycle of the cuk converter switch is given by,

_ 2Rgin +2E
~ Ujp + 2Rgiy, + 2F

de

(20)
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The steady state non-commutated phase current control unit is used to
maintain steady current and to decrease the ripple. The duty cycle of the
MOSFET during commutation period is given by,

AE + 3Ryin
(U, + 2Rqin + 2E)

d=0.5+ 3 (21)

Where,

i, = unenergised phase current in Ampere
d = Switch T duty cycle

The instant at which the commutated phase current becomes zero, the
end point of commutation commences and switch 7 turns OFF and the cycle
repeats. Equation (21) is used to maintain the constant state of the floating
phase current. The torque ripple rate in terms of current ripple rate is given by,

Imaz - Imin
I . = e —mn 22
ripple Imaw + Imin ( )

I maz and I, are maximum and minimum current ripple for the given period
respectively.

This topology has many advantages such as reduction in torque ripple
reduction, PAM technique evades the voltage spikes during turn on and off
condition of switches and it is a simple modulation scheme.

5 Results and Discussions

The simulation is carried out using MATLAB to justify the robustness of
the recommended cuk converter-based torque ripple reduction method under
different parameter changes. The analysis of various conditions of load
torque and speed are considered to obtain the steady state condition of non-
commutated phase current and torque ripple. The details of proposed system
parameters are shown in Table 1.

Figure 5 shows the Conventional converter scheme (a) Torque waveform
(b) Three-phase stator current (c) DC input voltage (d) and (¢) Commutation
logic signals of switches T} and T} of the conventional converter. Figure 6
shows the proposed converter scheme (a) Torque waveform (b) Three-phase
stator current (c) DC input voltage (d) and (e¢) Commutation logic signals of
switches T and T} of the proposed cuk converter (f) and (g) Gate pulses of
switches 7% and 7. The ZCP of back emf sensing method is used to find the
start/end commutation points. The comparison of conventional PWM control
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Figure 5 Conventional converter scheme (a) Torque waveform (b) Three-phase stator cur-
rent (c) DC input voltage (d) and (¢) Commutation logic signals of switches 11 and T4 of the
conventional converter.

method and proposed cuk converter-based PI controller tuning methods are
carried out using simulink analysis. The speed and voltage controller gain
values are mentioned in Table 2.

The output waveforms of proposed scheme maintain the steady state
condition of the floating phase current and reduces significant amount of the
current ripple. In the proposed method, both the energised phase currents
are alike during commutation and the current is maintained constant by
the application of boosted voltage with PAM method. The torque ripple of
conventional method is compared with the proposed cuk converter method
for the sensorless BLDC drive. The torque ripple can be calculated as,

T - Tmn
—mr - mn (23)

9% Torque ripple = T

Where,

Tnz = Maximum value of instantaneous torque in Nm
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Figure 6 Proposed converter system (a) Torque waveform (b) Three-phase stator current (c)
DC input voltage (d) and (e) Commutation logic signals of switches 7 and T of the proposed
cuk converter (f) and (g) Gate pulses of switches 77 and 7.

Table 2 Speed and voltage controller gains
PI Controller Tuning
Parameters  Proportional Gain K, Integral Gain K
Speed 0.1 15
Voltage 0.1 0.5

Tnn = Minimum value of instantaneous torque in Nm
T; = Load torque in Nm
In this torque ripple reduction analysis, the following conditions of the
load torque and speed are considered to understand the variations in load
torque with respect to speed and vice-versa.

Case 1: Constant load torque-low-speed region
Case 2: Constant load torque-high-speed region
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Case 3: Variable load torque-Constant speed
Case 4: Variable Speed-Constant load torque

All the above cases the constant load torques of 2 Nm and 5 Nm and
variable load torque of 2 Nm to 5 Nm and the constant speed of 500 rpm,
1500 rpm and variable speed of 1300 rpm to 1500 rpm are considered.

Case 1: Constant load torque-low-speed region:

The back emf is minimum during low-speed and the duty cycle is fifty
percentage and hence it is not imperative to increase the DC-link voltage
under commutation period. It is observed from Equations (20) and (21),

d=2d, (24)

Therefore, during low-speed by applying twice the duty cycle of cuk
converter switch, the required voltage can be obtained. In case 1, the constant
load torque of 2 Nm with 500 rpm is considered for the traditional and
proposed system as shown in Figures 7 and 8.

In the conventional PWM method, the non-commutated phase current
ripple is as high as 85.6% for the DC-link voltage of 10V, 10A system
whereas the proposed system reduces the ripple to 15% which is 65.6%
higher reduction than the conventional method. The proposed method uses
PAM to the switches which minimizes the harmonics caused by flick off.
This reduces considerable amount of the torque ripple.

f
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Figure 7 Constant load torque of 2 Nm with 500 rpm of the conventional converter (a)
Torque (b) Speed (c) Phase current.
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Figure 8 Constant load torque of 2 Nm with 500 rpm of the proposed cuk converter (a)
Torque (b) Speed (c) Phase current.

Case 2: Constant load torque-high-speed region:

During high-speed the back emf is high and even for unity duty cycle the
required DC voltage has to be increased to decrease the torque ripple under
commutation period. Hence, the cuk converter operated in boost mode to
increase the voltage during commutation. This can be achieved by modifying
the Equation (21) as,

4F + 3Ry,

25
(U,, + 2Rsin + 2F) @)

d=0.5
+4

The inverter voltage can be boosted by PAM method to operate the BLDC
motor in high speed.

Figures 9 and 10 shows the case 2 waveforms. The constant load torque
of 2 Nm with 1500 rpm is considered for the traditional and proposed system.
In the conventional PWM method, the non-commutated phase current ripple
is as high as 43.8%. This method reduces the ripple to 6.2%. This percentage
of reduction is 37.6% more than the conventional method.

Case 3: Variable load torque-Constant speed:

In case 3, the dynamic performance of the recommended and conventional
system has been observed by considering the variable load torque of 5 Nm to
2 Nm with 1500 rpm as shown in Figures 11 and 12. In the conventional
PWM method, first the torque is reduced from 5 Nm to 2 Nm at 1 sec



Torque Ripple Minimization Technique of Position Sensorless BLDC Motor 1269

-
=

1 T T
SRANRAAAA] i

8 | | ! ; L TR AR R TAY

0% 03% 036

— Ref Torque
=== Measured Torque

09 091 092 093 094 09 09 097 098 099 1

(a)
Torque (Nm)
o

Wr————— 71 1 T T T T T
E .
23 100 —
T -
E. —— Ref speed
v === Measured speed

3.9 091 092 093 094 095 096 097 098 099 1

& WAL T
R

09

Aph
092 093 094 095 096 097 098 099 1
Time (sec)

Figure 9 Constant load torque of 5 Nm with 1500 rpm of the conventional converter (a)
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Figure 11 Variable load torque of 5 Nm-2 Nm with 1500 rpm of the conventional converter
(a) Torque (b) Speed (c) Phase current.
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Figure 12

followed by an increment in the torque from 2 Nm to 5 Nm at 1.5 sec.
The corresponding variation in the non-commutated phase current ripple and
torque ripple are observed as high as 48.4%. During the change in the torque,
the voltage is maintained constant and the speed oscillations is less than 1 rpm

and it’s negligible.
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In the proposed scheme for the same condition of change in torque of
5 Nmto 2 Nm at 1 sec and an increment of 2 Nm to 5 Nm at 1.5 sec the torque
ripple is reduced to 4.6% to 10% which is comparatively 43.8% reduction
than the conventional method. This condition is observed for the DC-link
voltage of 45V, 10A system with the small speed oscillations. The variation
in non-commutated phase current is comparatively small in the proposed cuk
converter method.

Case 4: Variable Speed-Constant load torque:

In case 4, (Figures 13 and 14) the dynamic performance of the proposed and
conventional system has been observed by considering the variable speed of
1300 rpm to 1500 rpm and a constant load torque of 5 Nm. In the conventional
PWM method, first the speed is increased from 1300 rpm to 1500 rpm at
1 sec followed by a decrement in the speed from 1500 rpm to 1300 rpm at
1.5 sec. The corresponding variation in the non-commutated phase current
ripple and torque ripple are observed as high as 32.8%. During the change in
the speed, the voltage is maintained constant and the slight variation in torque
is negligible.

In the proposed scheme for the same condition of the change in speed
from 1300 rpm to 1500 rpm at 1 sec and the change in speed from 1500 rpm
at 1 sec to 1300 rpm at 1.5 sec, the torque ripple is reduced to 4.6% which is

-
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Figure 13  Variable speed of 1500 rpm — 1300 rpm with 5 Nm load torque of the conventional
converter (a) Torque (b) Speed (c) Phase current.
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Figure 14 Variable speed of 1500 rpm — 1300 rpm with 5 Nm load torque of the proposed
cuk converter (a) Torque (b) Speed (c) Phase current.

Table 3 Comparative analysis of torque ripple reduction

Conventional Method ~ Proposed cuk Converter

Different Load Speed

Cases Torque in Nm in rpm % Torque Ripple

Case 1 2 500 85.6% 15%
Case 2 5 1500 43.8% 6.2%
Case 3 2-5 1500 48.4% 10%
Case 4 5 1300-1500 32.8% 4.6%

comparatively 28.2% reduction than the conventional method. This condition
is observed for the DC-link voltage of 45V, 10A system. It is detected that a
fleeting torque spike is produced and abridged swiftly with the small speed
oscillations. The variation in non-commutated phase current is comparatively
small in the proposed cuk converter method.

The Table 3 shows comparative analysis of the torque ripple reduction of
conventional and proposed scheme.

The drive system is tested for all four cases, and it is evident from the
table that the proposed strategy reduces the torque ripple considerably. While
the reduction in torque ripple is significant in both ranges under constant
load torque condition, it is equally appreciable in the other two cases thus
proving the merit of the proposed strategy. During constant torque-low speed
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condition the torque ripple is found to be 15% whereas it stands at 6.2%
during for the high-speed region. Similarly, the ripple is reduced by almost
38.4% for the variable torque condition and for the variable speed condition
the percentage reduction is found to be 28.2%.

6 Conclusion

The proposed strategy achieves a significant reduction in torque ripple
through a PI controller tuned cuk converter for a sensorless BLDC motor.
The performance of the strategy is verified using MATLAB R2018a Simulink
for different operating conditions of a BLDC drive. The ZCP detection com-
bined with cuk converter improves the input voltage during the commutation
interval. The converter is operated in boost mode during commutation, and
the DC input voltage is increased by adding the capacitor voltage. The simu-
lation results conclude that there is a reduction in torque ripple compared to
the conventional scheme under all the four operating conditions. It is observed
that the reduction is 15% during constant torque-low speed condition whereas
6.2% reduction is achieved in the high-speed region. Similarly, the reduction
is 10% for the variable torque condition period and it is 4.6% during variable
speed condition. The proposed strategy improves the stability of the system
as it reduces the torque ripple and improves the efficiency due to PAM
technique and bidirectional energy flow. Validation of simulation results with
an indigenous hardware arrangement is considered as the future scope of
this work.
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