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An optimized design modelling of PV integrated SEPIC-based four-switch
inverter for sensorless PMBLDCmotor control

Poovizhi Mani, Senthil Kumaran Mahadevan, Anitha Roseline Johnson and Murugesan Kullan

Department of EEE, Sri Sivasubramaniya Nadar College of Engineering, Kalavakkam, India

ABSTRACT
The design of PV-based high gain SEPIC converter integrated with four-switch strategy, which
has been used to achieve sensorless speed control of Permanent magnet Brushless DC motor
(PMBLDC) is analysed in this work. Hence SEPIC converter coupled with Fuzzy Logic, MPPT
Algorithm is employed to retain voltage. SEPIC converter is chosen as it has a continuous cur-
rent operation with high gain; FuzzyMPPT algorithm is used as it provides accurate results faster
while the classical MPPT techniques provide the results with fluctuations in attaining the max-
imum power. Regarding the sensorless control of PMBLDC motor, the conventional six-switch
strategy is replaced by four-switch strategy and the sensors are replaced by back EMF method.
Four-switch strategy has the capability of reducing the losses, size, cost and complexity of con-
trol. For achieving the nominal speed, a closed-loop control is implemented with PI controller,
which is tuned by GWO technique. The proposed methodology is more efficient as the motor
speed remains unchanged even under the full load condition. The end result of traditional PI
algorithm and PI algorithm, which have been tuned by GWO algorithm, is compared and simu-
lated through MATLAB. This is also implemented and validated in hardware by FPGA Spartan 6E
controller.
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1. Introduction

Brushless DC motor is commonly utilized in a wide
range of applications as it has higher efficiency, higher
power factor, higher torque, low maintenance and ease
of control, along with these advantages, this motor has
high accessibility in various power ratings. Initially,
DC and AC motors are used and their usage has been
limited as its efficiency and losses have affected the
working process of the entire system [1]. To overcome
this issue, BLDC motor has been preferred. The speed
control of the BLDC motor is achieved through con-
ventional PI controllers, the performance of which is
affected by the load disturbances and speed variations.
Hence the behaviour of BLDC motors is enhanced by
the digital control schemes [2–5]. An improved switch-
ing strategy for BLDC fan drive is discussed in [6],
which increases the energy alteration efficiency of the
system. In [3], a single dead beat controller is employed
to control the three-phase current, which results in zero
steady-state error. In [7], the functionality of the BLDC
motor drive is improved by microcontrollers, which
are tuned through the external optimization algorithm
instead of sensors. A reliable operation of BLDCmotor
in low-speed range and a modification, which is done
to find the exact commutation points in high-speed
range, have been discussed in [8]. In [9], the optimal

commutation control is achieved and the feasibility of
linearization is analysed. The 3φ inverters are utilized
for driving the motors with conventional six switch
topology. These inverters are subjected to only low
power applications; the current and voltage ratings of
the switches are to be enhanced for high power applica-
tions. But by increasing the rating of the switches, it is
possible to enhance the performance of the six-switch
topology [10].

The precise control of the motor is guaranteed only
if the rotor position is known and hall sensors are uti-
lized for sensing the rotor position which are expensive.
Nowadays, sensorless speed control has attractedmany
researchers and some of the articles which employs
sensorless approach are reviewed as follows: a high-
frequency sensorless control of five-phase BLDC in the
frequency domain is established in [11]. As the hall-
effect sensors are highly sensitive in temperature, the
control of the BLDC motor is unreliable, which can be
overcome by sensorless control of BLDC motors [12].
A simple and cost-effective control technique, which
excludes the DC–DC conversion stage for a PV-fed
BLDC motor water pump is discussed in [13]. A posi-
tion sensorless BLDC driven solar water pump is vali-
dated, which has the advantages of eliminating virtual
neutral potential, simple structure and low cost [14].

CONTACT Poovizhi Mani Poovizhimani1221@gmail.com Department of EEE, Sri Sivasubramaniya Nadar College of Engineering, Kalavakkam,
Tamil Nadu 603110, India

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2021.2008621&domain=pdf&date_stamp=2022-01-03
mailto:Poovizhimani1221@gmail.com
http://creativecommons.org/licenses/by/4.0/


AUTOMATIKA 91

For the PV system, the bidirectional energy controller
is used, which operates for 24 hours without any change
in weather with enhanced reliability [15].

Generally, the outcome of PV is low voltage DC
and to boost the voltage, DC–DC converters are uti-
lized. Some of the commonly used converters are boost,
buck-boost, CUK. The voltage-gain ratio of these con-
verters is low [16–18]. Depending on the weather, the
PV output varies. The necessity of MPPT algorithms
is essential to extricate the maximum power from PV.
Classical MPPT algorithms such as P&O, incremental
conductance and so on are easy to implement but show
more fluctuations aroundMPP whereas the intelligent-
basedMPPT algorithms such as Fuzzy, ANN and so on
provide accurate results at a high speed [19, 20].

In this paper, sensorless speed control in PV fed
BLDC motor is proposed, in which the conventional
six-switch VSI is replaced by four-switch VSI incorpo-
rated with direct back EMF method, which results in
the reduction of losses, size and cost. Adding to that, the
maximumpower of the PV system is extracted by Fuzzy

Logic Algorithm-based SEPIC converter. The effective
speed control of the BLDC motor is accomplished by
using GWO-PI controller, which provides better set-
tling time when analogized with the PI controller.

The schematic representation of the proposed
method is depicted in Figure 1. The mathematical for-
mulation for the PV system, SEPIC converter, Fuzzy
MPPT algorithm, Four-switch VSI, Sensorless control,
BLDC motor and GWO algorithm is elaborated in the
upcoming sections.

2. Proposed control methodology

The control scheme (Figure 2) starts with the solar
array. The outcome of the solar array is linked to the
SEPIC converter, which is highly fluctuated since it
mainly depends on the weather conditions. When an
input of 60V is given to a single-ended primary induc-
tor converter, an output voltage of 300V is attained. The
gain in SEPIC converter is 1:8, it only boosts the voltage
and it is not possible tomaintain the voltage as constant.

Figure 1. Proposed speed control of four-switch VSI based BLDC motor without sensor.

Figure 2. Proposed control circuit.
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Figure 3. Representation of a PV system.

Hence, Fuzzy Logic MPPT Algorithm is proposed to
maintain the voltage almost as constant (Figure 3).

The actual values are taken by giving a delay of 10ms
and the errors are calculated, which is given as input
to the Fuzzy Logic MPPT Algorithm. The first step is
pre-processing, by which the noises are removed. The
second step is Fuzzification, in which Mamdani-based
triangular membership function is used. The third step
is the rule-based inference engine, in which 49 rules are
framed. The fourth step is Defuzzification in which the
error is normalized and finally the obtained signal is
given to the PWM generator. The pulses generated by
the PWMgenerator are given to the SEPIC converter by
which the output of the SEPIC converter is maintained
without oscillations.

When the load is applied, the speed in the motor
reduces. The reference signal is generated by a PI con-
troller tuned usingGreyWolfOptimization and is given
to the PWM generator. Here, the reference signal is
compared using carrier signal and the pulses are given
to the inverter and then it is observed that the motor
has been run efficiently even under the full load condi-
tion. In real time, FPGA Spartan 6E controller can be
implemented in hardware.

3. Modelling of proposed scheme

3.1. Input PV panel

Generally, a PV module’s operating point varies with
respect to the changes in temperature and irradiance.
The schematic representation of the PV array is shown
as follows.

The fundamental current (I) equation of a PV system
is as follows:

I = Ipvcell − Iocell
[
exp

(qv)
akT − 1

]
(1)

I = Ipv − Io
[
exp

(
(v + Rs.I)q

aVk

)
− 1

]
− (v + Rs.I)

Rp
(2)

where Ipv is the photovoltaic current, Io- is the over-
loaded current, Vk → kT

q , q indicates the charge of the
electron, a is the ideality factor, v is the voltage over the
diode, k is the Boltzmann constant, T is the tempera-
ture coefficient, Rp is the parallel resistance of PV, Rs is
the series resistance. As the temperature and irradiation

have varied, the stored power in the PV also gets varied
and so Equation (2) becomes

I = Ipv − Io
[
exp

(v + Rs.I)q
akT.Ns

− 1
]

− (v + Rs.I)
Rp

(3)

where Ns is the number of series in PV array.

3.2. Single ended primary inductor converter
(SEPIC)

This is generally a DC–DC converter either increases
or decreases the output potential by varying the duty
cycle ratio of the switch S. One unique feature of SEPIC
is that the polarity of the output is same as that of input.
Generally, SEPIC converters are operated in a continu-
ous conduction state and the current through L1 never
drops to null value. The schematic illustration of SEPIC
is as shown in Figure 4.

Under steady-state operating conditions, the poten-
tial on capacitor C1 is as same as the supply poten-
tial VPV. Because of this reason, the average current
through L2 is identical with the to the VPV indepen-
dent average load current. The average voltage equation
is mentioned as follows:

VPV = VL1 + VC1 + VL2

As the average voltage of the capacitor (VC1) and the
input voltage (VPV) are same, the above equation can
be rewritten as

VL1 = −VL2 (4)

Themutual inductance values L1 and L2 have been zero,
as their voltages are equal in magnitude. Therefore, the
ripple current of the inductors also has the same mag-
nitude. Hence the average current has been mentioned
through the subsequent equation:

ID = IL1 − IL2 (5)

Mode 1 operation
The circuit in Figure 5 illustrates the working con-
dition of SEPIC converter when the switch S is ON.
In this mode of operation, the current through L1and
L2 has been increased with opposite polarity. L1 gets
the power through the input source. Since switch S is
closed, the voltage over the C1 is approximately same as

Figure 4. SEPIC converter.
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Figure 5. Mode 1 – SEPIC converter.

Figure 6. Mode 2 – SEPIC converter.

VPV and potential across L2 is approximately equal to
–VPV. Thus the energy, which is supplied by C1 helps in
increasing the amplitude of the current through L2 and
so the power, which is gathered in the L2 gets increased.

Mode 2 operation
The circuit in Figure 6 shows the working process of the
SEPIC converter when the switch S is OFF. In thismode
of operation, the current through C1 and L1 becomes
the same and the current through L2 continues in the
negative direction as inmode 1 operation. It is observed
from the circuit that the current fromL1 andL2 is added
to increase the current, which is distributed to the load.
By applying Kirchhoff’s Current law,

ID = IC1 − IL2 (6)

It is also noted that C1 is charged by L1 during the sec-
ond mode of operation and gets recharged through L2
during the first mode of operation.

The following are the formulas used for calculating
the parameters:

Duty cycle, D = VOUT + VD

VIN + VOUT + VD
(7)

Ripple current in L1 and L2,

�IL = IIN × 40% = IOUT × VOUT

VIN(min)

× 40% (8)

L1 and L2 are given as

L1 = L2 = L = VIN(min)

�IL × fsw
× Dmax (9)

The SEPIC converter’s output has only boosted the
value of the voltage and for maintaining the voltage,
certain algorithms are needed.

Table 1. Table of rules.

ERROR (e) NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM

CHANGE IN ERROR (ce) ZE ZB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB

3.2. Fuzzy logicmaximumpower point tracking
method

To get the extreme power from solar module irrespec-
tive of climatic variations, certainMPPT techniques are
implemented. In the literature, the outcomes of mul-
tiple algorithms are discussed, among that the P&O
technique is simple but it exhibits disadvantages like
slow convergence and oscillations in the output. Hence
an effective Fuzzy MPPT algorithm is proposed to get
the desired output. The desired PWMpulse is generated
by means of the Fuzzy algorithm and it is given to the
SEPIC converter to retain the voltage. By giving a delay
of 10ms, the actual values are computed and thus the
error is computed. Here, error (e) and change in error
(ce) are set to the input of Fuzzy controller, which can
be evaluated as

e(k) = PPV(k) − PPV(k − 1)
VPV(k) − VPV(k − 1)

(10)

ce = e(k) − e(k − 1) (11)

where VPV, PPV are voltage then power at PV individ-
ually and the number of iterations is denoted by k.

The input e(k) is taken as the curve slope by which
the location at which themaximumpower obtained can
be decided and ce describes the movement of the oper-
ating point in which the MPP moves. MPPT curve of
control is depicted in Figure 7(a).

During Fuzzification, an input signal is processed
and fuzzy values are assigned to them by seven fuzzy
subsets. Here, Mamdani-based triangular membership
function is used. In the inference engine, data interpre-
tation is carried out by considering 49 rules (Table 1)
and their membership functions. In the centroid-based
defuzzification segment, the fuzzy information is con-
verted into normalized data. Depending on the loca-
tion of the operating point, the output can be obtained
through the change in duty cycle (�D). The flow chart
of Fuzzy MPPT is shown in Figure 7(b).

By using the Fuzzy algorithm, the duty cycle for
controlling the switch of SEPIC converter is obtained.
Whenever the PV voltage is high, the duty cycle is low
and whenever the PV voltage is low, the duty cycle
is more. Hence the rules are framed based on this
logic.

Based on the above table, the fuzzy rules are framed
as follows:

Rule 1: If e is NB and ce is NB, then �D is NB
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Figure 7. (a) MPPT curve of control and (b) flowchart for Fuzzy MPPT algorithm.

Rule 2: If e is NM and ce is NB, then �D is NB

. . .

Rule 49: If e is PB and ce is PB, then �D is PB

The error value is the difference of the PV voltage
obtained at the present time and the previous time. If
the error is negative minimum and the change in error
is positive big, which implies that the duty cycle is less.
The minimum value of the duty cycle is taken as 0.55
and themaximumvalue of the duty cycle is taken as 0.8.

By using the Fuzzy MPPT algorithm, desired pulses
are obtained as output from the PWM generator and
then fed into the SEPIC converter. By this, the SEPIC
converter’s output is retained irrespective of the chang-
ing weather. Now the converter output is fed to the
four-switch VSI.

3.3. Four-switch VSI

Generally, six-switch VSI is used as the control circuit
for Brushless DC motors to achieve speed control in
which the losses, cost and size are more. Here, the two
switches are replaced by two capacitors. In the oper-
ation of four-switch VSI, it is noted that the switches
of the same leg cannot be switched on at the same
time. The phase that is linked to the middle of the
capacitor is uncontrolled and hence in each operating
mode, one phase has been remained inactive (silent)
and the other two phases are in conducting mode
(active). The switching strategy of four-switch VSI is
shown in Table 2 and the schematic representation is
as in Figure 8.

3.4. Sensorless speed control of brushless DC
motor

In this paper, a sensorless approach is implemented and
carried out using back EMF detection scheme, through

Table 2. Switching strategy of four-switch VSI.

Modes Switching devices Active phases Silent phases

Mode 1 S4 B,C A
Mode 2 S1,S4 A,B C
Mode 3 S1 A,C B
Mode 4 S3 B,C A
Mode 5 S2,S3 A,B C
Mode 6 S2 A,C B

which the implementation cost and system size are
reduced to a great extent. BLDC motor generates back
EMF, which is fed to the PWM generator, through that
the required signal is generated to run the motor.

BLDC motor’s speed has been regulated either with
sensor or without sensor. However, for lessening the
assembly cost, sensorless control can be preferred in the
place of sensors. When these sensors are not capable
to work in some tough environments, sensorless con-
trol is highly preferred. This can be achieved by back
EMFdetection scheme. This detection is based on zero-
crossing estimates of the EMFwaveform, which is done
by knowing the terminal voltage.

The terminal voltages of four- switch equations
Van,Vbn,Vcn are as follows:

Van = Raia + La
dia
dt

+ EA (12)

where Ra denotes the stator resistance, La denotes the
phase inductance, EA and ia are the back EMF and the
phase current at phase A. Likewise for the other two
phases, the voltage equation can be as follows:

Vbn = Rbib + Lb
dib
dt

+ EB (13)

Vcn = Rcic + Lc
dic
dt

+ EC (14)

The line equation for line voltage can be mentioned as
follows:

Vab = R(ia − ib) + L
d(ia − ib)

dt
+ EA − EB (15)
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Figure 8. Four-switch VSI switching strategy.

Vbc = R(ib − ic) + L
d(ib − ic)

dt
+ EB − EC (16)

Vca = R(ic − ia) + L
d(ic − ia)

dt
+ EC − EA (17)

The difference of the terminal voltages can be
obtained as

Vabbc = R(ia − 2ib + ic) + L
d(ia − 2ib + ic)

dt
+ EA − 2EB + EC (18)

Thus it is observed that the line voltage is a reversed
depiction of back EMF waveform. It is perceived from
Figure 9 that the back EMF is transferred from one
polarity to other crossing zero. Hence, for revealing the

Figure 9. Back EMF and Phase current representation of BLDC
motor.

zero crossing of phase B, operation Vabbc is enabled.
Similarly Vbcca has facilitated the zero detection cross-
ing of phase C and Vcaab has facilitated it for phase A.
This back EMF is provided to the PI controller through
the PWM generator.

3.5. Speed control of BLDCmotor using GreyWolf
Optimization algorithm

When load is applied, there exists a change in motor
speed, and in most of industrial applications, constant
speed motors are preferred. In general, the closed-loop
control is implemented by conventional PI controllers,
which results in constant speed but there exist prob-
lems of maximum peak overshoot. To obtain better
system responses, PI controllers are used widely in sev-
eral industries. To overcome these overshoot problems,
intelligence techniques like GA, PSO and GWO are uti-
lized for optimized tuning of PI controllers. The GA
shows slower convergencewhile the PSOhas converged
in the local optimum. Hence to attain better results,
GWO algorithm is utilized, which prevents the falling
in local optimum and the convergence is faster as that
of wolf’s behaviour.

GWOAlgorithm
This is one of the population-based optimization algo-
rithms, which has been used for tuning the PI con-
troller. This algorithm is motivated by the common
behaviour of grey wolves. The leadership order in the
GWO algorithm is characterized as four clusters:
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a) Alpha (α) Dominant wolf, which makes decision
can be either male or female.

b) Beta (β) Subordinate wolf, which aids alpha in
decision making.

c) Omega (ω) Lower ranking wolf.
d) Delta (δ) Dominates omega and has to report alpha

and beta.

The hunting behaviour and encircling can be mod-
elled as follows:

�D = |�C.−→Gp(t) − �G(t)| (19)

�G(t + 1) = −→
Gp(t) − �A.�D (20)

where A, C, D are the coefficient vectors, t is the cur-
rent in then-existing iterations, Gp and G are the posi-
tion vector of prey and position vector of grey wolf
respectively.

Coefficient vector A and C is measured by the fol-
lowing equations:

�A = 2�a.−−−→
rand1 − �a (21)

�C = 2.
−−−→
rand2 (22)

where “a” reduces linearly from 2 to 0 during iterations
rand1 and rand2.

The number of duty ratios Nref and Nact are mea-
sured through the sensors. Since the duty cycle (D) is
determined as grey wolf, Equation (23) can be altered
as,

Di(k + 1) = Di(k) − A.D (23)

GWO fitness function is expressed as

P(Dk
i ) > (Dk−1

i ) (24)

where power is denoted as P, number of present grey
wolves is denoted as i, number of iterations is denoted
as k. The objective function utilized here is integral
absolute error (IAE).

IAE =
∫ ∞

0
|e(t)|dt (25)

The GWO algorithm is as follows:
Step 1: Initialize vectors a, A and C.
Step2: Initialize the number of iterations to zero

(k = 0)
Step 3: Initialize the grey wolf pack size as 1 (i = 1)
Step 4: Measure Nact by the controller.
Step 5: CompareNref (3000 rpm) andNact speeds for

the converter.
Step 6: If N(i) is greater thanN(i − 1), then update

Nmaxwhere i = N(i), else update Nmax, where i =
N(i − 1)

Step 7: Compare Gmax with Nmax, if Gmax is greater
updateGmax. IfGmax is less thanNmax, checkwhether all
agents are evaluated if yes update Gmax, A, C by using

Equations (19), (20), (21), (22). If not moved to next
wolf, go to step 4 and process till calculating the duty
cycle.

Step 8: Repeat step 3 until convergence is met.
The population size is taken as 30 with 50 num-

ber of iterations. The foremost intent of the algorithm
is to generate the duty cycle for the four-switch VSI
to achieve speed control. By GWO algorithm, the ref-
erence signal is obtained and it is fed to the PWM
generator (Hysteresis current control method), which
generates the desired pulses that are then fed to the
four-switch BLDC motor. By this control algorithm,
speed inmotor remains unchanged even when full load
is applied.

4. Result and discussion

The enactment of the proposed strategy is evaluated
and the simulation is achieved by MATLAB. The
outcomes are obtained and are discussed under no
load, running and full load conditions. Speed, power,
moment and EMF are considered for evaluating the
performance of the system. As the PV output varies
in accordance with the irradiance, it has a changing
nature; it is not possible to feed such a variable out-
put potential to load and so the output is nourished to
the single-ended primary inductor converter, which is
controlled with Fuzzy MPPT algorithm and provides
a constant output voltage as shown in Figure 10. By
implementing Fuzzy, the PV voltage and current are
continuously checked and analogized with the previ-
ous values, from which the maximum value is chosen
based on the rule base. The duty cycle of the SEPIC
converter is directly generated by using Fuzzy MPPT
and the converter’s output voltage is 340V. Based on
the rules framed, the duty cycle is generated. Hence it
is perceived that whenever there is a variation in the
input, the output voltage remains unchanged. This out-
put voltage is nourished to the BLDC motor through
the four-switch set-up.

As the rotor of the BLDC motor has trapezoidal
shape, the waveform of the current is non-sinusoidal
and the shape is asymmetric as shown in Figure 11. In
the starting (0–0.2 s) stage, it takes more current when
the motor starts running and after that, the motor is
runwithout any oscillations. In dynamic (0.2–0.5 s) and
running (0.5–0.75 s) conditions, certain variations are
there in current when the load is applied but the speed

Figure 10. Output voltage of SEPIC converterwith FuzzyMPPT.
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Figure 11. Current waveforms in starting, dynamic and running conditions.

Figure 12. Back EMF waveforms in starting, dynamic and running conditions.

in themotor gets unaffected. As the nature of back EMF
in brushlessDCmotor is trapezoidal, thewaveforms are
obtained as shown in Figure 12.

As no load is applied in the starting condition, back
EMF is very less but when the load is applied gradu-
ally, the back EMF gets increased. During the dynamic
and the running conditions, it value ranges from+80V
to −80V. Torque waveform in BLDCmotor is revealed

in Figure 13. As motor draws more current during the
starting stage, the starting torque is also high but when
the load is applied, there exists a variation in the torque
yet it is noted that the speed of themotor is not affected.

For the speed control of the BLDC motor, GWO-
PI is utilized which is designed based on the behaviour
of grey wolves; speed waveform of the BLDC motor is
highlighted in Figure 14; when load is applied (at 0.3 s),

Figure 13. Torque waveforms in starting, dynamic and running conditions.

Figure 14. Speed waveform.
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Figure 15. Hardware setup

the GWO algorithm stands good with a settling time
of 0.0375 s. As a closed-loop control with optimiza-
tion technique is implemented, the motor speed settles
faster.

Hardware implementation

The proposed strategy involves the analysis of solar
fed four-switch Brushless DC motor drive. To achieve
the desired speed, closed-loop control has been insti-
gated with PI controller, which is tuned through GWO
algorithm. The results are perceived through simula-
tion and it is clear that the motor’s speed is unaffected
with any change in the load even at full load condition.
This can also be implemented in hardware (Figure 15)
by using the FPGA Spartan 6E controller.

It is perceived that the resultant output voltage of
PV remains the same for any variation in the climate.
It is clearly depicted in Figure 16(a) and (b). TheMPPT
controller takes the values of voltage and current, from
which the required input for the fuzzification is com-
puted and the rules are selected. Based on the decision
of the rules, the values are defuzzified and the cor-
responding duty ratio is given to the converter. The
output obtained from single-ended primary inductor
converter is depicted in Figure 17. It is noticed that the
ripples are highly minimized by the application of this
converter. The current and speed waveform of BLDC
motor is observed in Figure 18(a) and (b). Hence in
hardware implementation, it has been observed that the

Figure 17. Output of SEPIC converter.

Table 3. Comparison of six-switch and four-switch strategies.

Six-switch strategy Four-switch strategy

No. of switches 6 4
Switching losses High Less
Cost High Less
Control algorithms Complex Simple

speed of the motor settles at 2750 rpm with a settling
time of 0.07 s.

Comparison of Brushless DC motor speed is
revealed in Figure 19. The hardware results are com-
pared by applying various control algorithms and it is
perceived that the GWO algorithm shows less varia-
tions. When load is applied, it is perceived that the
speed decreases and by the GWO algorithm, the wave-
form settles at 0.07 sec even after the load is applied.

Figure 20(a) and (b) shows the outputs of Brush-
less DC motor driven by six-switch strategy and four-
switch strategy respectively. And it is perceived that the
response of four–switch strategy takes more time to
settle when compared to six-switch strategy.

Table 3 gives a detailed comparison of the four-
switch and six-switch strategies. As the number of
switches used is less, the cost, size and complexity asso-
ciated with switches are minimized.

The switching loss relies on the switching frequency
and the formula is given as

Wswitch = VminImax

6
(TON + TOFF)fsw (26)

Figure 16. (a) PV irradiation and (b) PV voltage.
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Figure 18. (a) Current waveform of BLDC motor and (b) speed waveform of BLDC motor.

Figure 19. Comparison of speed.

Figure 20. Output of BLDC drive with (a) six-switch strategy and (b) four-switch strategy.

The ON and OFF time are taken as 1.2μs and 1.5μs
with switching frequency (fsw) as 10 kHz; the mini-
mum voltage (Vmin) and the maximum current (Imax)

are taken as 100V and 3A respectively. By substituting
these values, the switching losses for a single switch are
obtained as 1.35 W.

The switching losses for six switches are obtained
as 6 × 1.35 = 8.1W, whereas the switching losses for
four switches is obtained as 4 × 1.35 = 5.4W.

By incorporating the Grey Wolf Optimization tech-
nique, four-switch VSI is more effective. Currently,
the four-switch VSI is applicable for all BLDC drives
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Figure 21. Comparison of efficiency.

Figure 22. Comparison of voltage gain.

Table 4. Voltage-gain and efficiency comparison.

Converter Voltage gain Efficiency

Boost 1:1.5 70%
Buck-Boost 1:2 75%
Cuk 1:3 80%
SEPIC 1:8 96%

because of its compact size, reduction in switching
driver circuits and cost.

Figure 21 has depicted the comparison of the effi-
ciency of converters such as SEPIC, CUK, BUCK
BOOST, BOOST for different output power. This shows
that a maximum efficiency of 96% can be attained by
SEPIC while other topologies result in lesser efficiency.

Figure 22 shows the voltage gain of various convert-
ers like SEPIC, CUK, BUCK BOOST and BOOST. It
is perceived that the voltage gain can be measured by
varying the duty cycle and the gain is increasing from
0 to 8 in the case of SEPIC converter while the gain of
other converters is lesser than the SEPIC converter. The
values of the efficiency and the voltage-gain are given in
Table 4.

The performance of SEPIC converter employing
Fuzzy-based MPPT algorithm with 49 rules is com-
pared with P&O, Incremental conductance and Fuzzy
MPPT with 25 rules and it is revealed that the Fuzzy
MPPTwith 49 rule-base is superior to other algorithms
with an efficiency of 96% (Figure 23).

The performance of the GWO-PI for motor speed
control is analogized with that of the PI controller and
the observations are made as in Figure 24. By using

Figure 23. Comparison of Efficiency for different MPPT algo-
rithms.

Figure 24. Settling Time Comparison with PI and GWO-PI.

GWO-PI, the settling time is observed as 0.0375 and
0.07 s for the simulation and experimental observation
respectively; whereas with PI controller, the settling
time is observed as 0.09 and 0.1 s for simulation and
experimental observation respectively.

5. Conclusion

The analysis of sensorless speed control in four-switch
BLDC motor drive fed by PV system is done in this
paper. The output potential of single-ended primary
inductor converter is retained by means of Fuzzy Logic
MPPT algorithm. By using SEPIC converter, the ripples
are greatly minimized. The efficiency of SEPIC con-
verter is observed as 96%, from the simulations. SEPIC
converter exhibits a high voltage gain of 1:8. The reli-
ability of the proposed strategy is evaluated under no
load condition, running condition and dynamic load
condition of brushless DC motor. The effectiveness of
the proposed strategy is analysed through simulation
and real-time tactics. The behaviour of the system is
analysed in the absence of sensors, which is cost effec-
tive. The cost and size are minimized by the use of
four-switch VSI strategy. An effective speed control
is achieved by PI controller, which is tuned by using
the GWO algorithm even under full load condition. A
detailed analysis of proposed strategy and existing strat-
egy is compared and simulation results are validated.



AUTOMATIKA 101

Disclosure statement

Nopotential conflict of interest was reported by the author(s).

References

[1] Shen J, Qin X, Wang Y. High-speed permanent magnet
electrical machines— applications, key issues and chal-
lenges. CES Trans Electr Mach Syst. 2018;2(1):23–33.

[2] de Almeida PM, Valle RL, Barbosa PG, et al. Robust
control of a variable-speed BLDC motor drive. IEEE J
Emerging Sel Top Ind Electron. 2021;2(1):32–41.

[3] Valle RL, De Almeida PM, Fogli GA, et al. Sim-
ple and effective digital control of a variable-speed
low inductance BLDC motor drive. IEEE Access.
2020;8:13240–13250.

[4] ShanmugasundramR, Zakariah KM, YadaiahN. Imple-
mentation and performance analysis of digital con-
trollers for brushless DC motor drives. IEEE Trans
Mechatron. 2014;19(1):213–224.

[5] Trivedi MS, Keshri RK. Evaluation of predictive current
control techniques for PM BLDC motor in stationary
plane. IEEE Access. 2020;8:46217–46228.

[6] GrueblerH, Leitner S,MuetzeA, et al. Improved switch-
ing strategy for a single-phase brushless direct current
Fan drive and its impact on efficiency. IEEE Trans Ind
Appl. 2018;54(6):6050–6059.

[7] Kolano K. Improved sensor control method for BLDC
motors. IEEE Access. 2019;7:186158–186166.

[8] Chen S, Liu G, Zhu L. Sensorless control strategy of
a 315 kW high-speed BLDC motor based on a speed-
independent flux linkage function. IEEETrans IndElec-
tron. 2017;64(11):8607–8617.

[9] Chen X, Liu G. Sensorless optimal commutation steady
speed control method for a nonideal back-EMF BLDC
motor drive system including buck converter. IEEE
Trans Ind Electron. 2020;67(7):6147–6157.

[10] Lee Y, Kim J. Analysis of the three-phase inverter power
efficiency of a BLDC motor drive using conventional
six-step and inverted pulsewidth modulation driving
schemes. Can J Electr Comput Eng. 2019;42(1):34–40.

[11] Tian B, An Q-T, Molinas M. High-frequency injection-
based sensorless control for a general five-phase BLDC
motor incorporating system delay and phase resistance.
IEEE Access. 2019;7:162862–162873.

[12] Sashidhar S, Guru Prasad Reddy V, Fernandes BG. A
single-stage sensorless control of a PV-based bore-well
submersible BLDCmotor. IEEE J Emerg Sel Top Power
Electron. 2019;7(2):1173–1180.

[13] Kumar R, Singh B. Single stage solar PV fed brushless
DC motor driven water pump. IEEE J Emerg Sel Top
Power Electron. 2017;5(3):1377–1385.

[14] Kumar R, Singh B. Solar PV powered-sensorless BLDC
motor driven water pump. IET Renew Power Gener.
2019;13(3):389–398.

[15] Kumar R, Singh B. Grid interactive solar PV-based
water pumping using BLDC motor drive. IEEE Trans
Ind Appl. 2019;55(5):5153–5165.

[16] KumarA, SensarmaP.A four-switch single-stage single-
phase buck–boost inverter. IEEE Trans Power Electron.
2017;32(7):5282–5292.

[17] Aghdam FH, Abapour M. Reliability and cost analysis
of multistage boost converters connected to PV panels.
IEEE J Photovoltaics. 2016;6(4):981–989.

[18] deMorais J, deMorais J, Gules R. Photovoltaic ACmod-
ule based on a Cuk converter with a switched-inductor
structure. IEEE Trans Ind Electron. 2019;66(5):
3881–3890.

[19] Bollipo R,Mikkili S, Bonthagorla PK. Critical review on
PV MPPT techniques: classical, intelligent and optimi-
sation. IETRenewPowerGener. 2020;14(9):1433–1452.

[20] BollipoRB,Mikkili S, Bonthagorla PK.Hybrid, optimal,
intelligent and classical PVMPPT techniques: a review.
CSEE J Power Energy Syst. 2021;7(1):9–33.


	1. Introduction
	2. Proposed control methodology
	3. Modelling of proposed scheme
	3.1. Input PV panel
	3.2. Single ended primary inductor converter (SEPIC)
	Mode 1 operation
	Mode 2 operation

	3.2. Fuzzy logic maximum power point tracking method
	3.3. Four-switch VSI
	3.4. Sensorless speed control of brushless DC motor
	3.5. Speed control of BLDC motor using Grey Wolf Optimization algorithm

	4. Result and discussion
	Hardware implementation

	5. Conclusion
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


