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Abstract—This paper presents a power factor corrected (PFC) bridgeless (BL) buck-boost converter-fed brushless direct current
(BLDC) motor drive as a cost-effective solution for low-power applications. An approach of speed control of the BLDC motor by
controlling the dc link voltage of the voltage source inverter (VSI) is used with a single voltage sensor. This facilitates the operation
of VSI at fundamental frequency switching by using the electronic commutation of the BLDC motor which offers reduced switching
losses. A BL configuration of the buck-boost converter is proposed which offers the elimination of the diode bridge rectifier, thus
reducing the conduction losses associated with it. A PFC BL buck-boost converter is designed to operate in discontinuous
inductor current mode (DICM) to provide an inherent PFC at ac mains. . In this work, conventional Pl and fuzzy logic
controllers have been used for the speed control of BLDC motor drive. The performance of conventional Pl and Fuzzy controllers
are compared under variable reference speed and varying supply voltages with improved power quality at ac mains. The obtained
power quality indices are within the acceptable limits of international power quality standards such as the IEC 61000-3-2. The
performance of the proposed drive is simulated in MATLAB/Simulink environment

Keywords— Bridgeless (BL) buck-boost converter, brushless direct current (BLDC) motor, discontinuous inductor current
mode (DICM), power factor corrected (PFC), power quality.

L. INTRODUCTION
Efficiency and cost are the major concerns in the development of low-power motor drives targeting household applications such as
fans, water pumps, blowers, mixers, etc. [1], [2]. The use of the brushless direct current (BLDC) motor in these applications is
becoming very common due to features of high efficiency, high flux density per unit volume, low maintenance requirements, and
low electromagnetic-interference problems [1]. These BLDC motors are not limited to household applications, but these are suitable
for other applications such as medical equipment, transportation, HVAC, motion control, and many industrial tools [2]-[4].
A BLDC motor has three phase windings on the stator and permanent magnets on the rotor [5], [6]. The BLDC motor is also
known as an electronically commutated motor because an electronic commutation based on rotor position is used rather than
a mechanical commutation which has disadvantages like sparking and wear and tear of brushes and commutator assembly [5], [6].
Power quality problems have become important issues to be considered due to the recommended limits of harmonics in supply
current by various international power quality standards such as the International Electrotechnical Commission (IEC)61000-3-2
[7]. A BLDC motor when fed by a diode bridge rectifier (DBR) with a high value of dc link capacitor draws peak current which
can lead to a THD of supply current of the order of 65% and power factor as low as 0.8 [8]. Hence, a DBR followed by a power factor
corrected (PFC) converter is utilized for improving the power quality at ac mains. Many topologies of the single-stage PFC
converter are reported in the literature which has gained importance because of high efficiency as compared to two-stage PFC
converters due to low component count and a single switch for dc link voltage control and PFC operation [9], [10].
The choice of mode of operation of a PFC converter is a critical issue because it directly affects the cost and rating of the
components used in the PFC converter. The continuous conduction mode (CCM) and discontinuous conduction mode (DCM) are
the two modes of operation in which a PFC converter is designed to operate [9], [10]. In CCM, the current in the inductor or the
voltage across the intermediate capacitor remains continuous, but it requires the sensing of two voltages (dc link voltage and
supply voltage) and input side current for PFC operation, which is not cost-effective. On the other hand, DCM requires a single
voltage sensor for dc link voltage control, and inherent PFC is achieved at the ac mains, but at the cost of higher stresses on the
PFC converter switch; hence, DCM is preferred for low-power applications [9], [10]. An improved power quality bridgeless
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converter can be designed in either continuous conduction mode (CCM) or in discontinuous conduction mode (DCM)[7].The
voltage stress in continuous conduction mode is less than the voltage stress in discontinuous conduction mode. But continuous
conduction mode requires the study of two control loops (\Voltage and current loop) which is not a cost effective solution and
may also cause imbalance in the reading due to different sensitivities of the sensors. On the other hand, Discontinuous
mode of conduction requires only a single sensor for the speed control purpose. This eliminates the problem of different current
sensitivity and reduces the cost of the system also. But DCM of conduction lead a high voltage stress at the switches so this
mode of conduction is used mainly for low power household applications such as fan load, driers, mixer etc[8].

This paper presents a BL buck—boost converter-fed BLDC motor drive with variable dc link voltage of VSI for improved power
quality at ac mains with reduced components. Fuzzy logic controller (FLC) is the most useful technology for control
applications of motor drives as FLC can handle non-linearity, load disturbance and parametric variations[9]. Due to these
reasons ,for the speed control of BLDC motor a fuzzy logic controller has been used and its performance is compared with
conventional Pl controller..Power factor and total harmonic distortion (THD) has been evaluated at variable speed and supply
voltages [10]. A MATLAB/simulink model has been used to verify the performance of this bridgeless converter fed BLDC
motor drive with conventional Pl and fuzzy logic controllers.

1. PROPOSED PFC BL BUCK-BOOST CONVERTER-FEDBLDC MOTOR DRIVE
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Fig. 1. Proposed BLDC motor drive with front-end BL buck—boost converter

Fig. 1 shows the proposed BL buck-boost converter-based VSI-fed BLDC motor drive. The parameters of the BL buck—boost
converter are designed such that it operates in discontinuous inductor current mode (DICM) to achieve an inherent power factor
correction at ac mains. The speed control of BLDC motor is achieved by the dc link voltage
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Table 1: Comparative analysis of proposed bl buck—boost converter
With existing topologies

I

Configuration No. of Devices Peﬁod Su.if—

So| D L | C|Total | Cond iy
BL-Buck [13] 21412 (2] 10 5 No
BL-Boost [14] 202 1 |1 6 4 No
BL-Boost [15] 2021 2] 7 7 No
BL-Buck-Boost [16] | 3 | 4 | 1 | 3 | 11 8 Yes
Bl-cukT1i7, 1812 [ 3] 3 [ 3] 11 | 7 | Yes
BL-Cuk T-2[17,18] | 2 | 2 314 11 11 Yes
BL-CukT-3[17,18] | 2 | 4 | 4 | 3| 13 7 Yes
BL-Cuk [19] 20313 (2] 10 8 Yes
BL-SEPIC20] |23 [ 1*# |3 7 | Yes
BLSEPIC2]] |23 ] 2 |2 7 | Yes
Proposed 2|4 1 5 Yes

*- Coupled Inductor

control of VSI using a BL buck-boost converter. This reduces the switching losses in VSI due to the low frequency operation of
VSI for the electronic commutation of the BLDC motor. The performance of the proposed drive is evaluated for a wide range of
speed control with improved power quality at ac mains. Moreover, the effect of supply voltage variation at ac mains is also
studied to demonstrate the performance of the drive in practical supply conditions. Voltage and current stresses on the PFC
converter switch are also evaluated for determining the switch rating and heat sink design A brief comparison of various
configurations reported in the literature is tabulated in Table I. The comparison is carried out on the basis of the total number of
components (switch—Syy , diode—D, inductor—L, and capacitor—C) and total number of components conducting during each
half cycle of supply voltage. The BL buck [13] and boost [14], [15] converter configurations are not suitable for the required
application due to the requirement of high voltage conversion ratio.
The proposed configuration of the BL buck-boost converter has the minimum number of components and least number of
conduction devices during each half cycle of supply voltage which governs the choice of the BL buck-boost converter for this
application.

1. OPERATION OF PROPOSED SYSTEM
The operation of the PFC BL buck-boost converter is classified into two parts which include the operation during the positive and
negative half cycles of supply voltage and during the complete switching cycle.

A. Operation in positive half cycle

Mode 1: As shown in figure 2(a) in mode 1, switch S1 conducts when gate pulse is applied to it. Magnetizing current flow from S1
-L1-Dp-source .Due to this current inductor L1 charges and initial charge stored by the DC link capacitor gets discharges by the
BLDC Motor Drive.

Mode 2: In this mode switch S1 is turned off and total energy stored in the inductor is transferred to the DC link capacitor. Now
inductor energy reduces to zero and Cd charges completely. This is shown in figure 2(b)

Mode 3: Now in this mode as shown in figure 2(c), inductor falls into discontinuous mode of conduction. Energy across the
inductor is zero so there is no more charging of DC link capacitor. Now DC link capacitor start discharging by the VVSI fed BLDC
Motor Drive. Now Cd starts decreasing and this process repeats itself when switch S1 is triggered again.
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Fig 2(c): Mode 3
B. Operation in complete half cycle
Mode 1: As shown in figure 2(d), in negative half cycle switch S2-D2-L.2 and Dn completes the path. At first when switch S2 is
triggered then magnetizing current flows from S1- L1-Dn-source.This magnetizing current leads to store an energy in the inductor
L2 and initial charge stored by the DC link capacitor gets discharges by the BLDC Motor Drive.
Mode 2: Now when switch S2 is turned off ,total energy stored in the inductor (L2)is transferred to the DC link capacitor. Now
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inductor energy reduces to zero and Cd charges completely. This is shown in figure 2(e).

Mode 3: Now inductor falls into discontinuous mode of conduction. Energy across the inductor is zero so there is no more charging
of DC link capacitor. Now DC link capacitor start discharging by the VSI fed BLDC Motor Drive. Now Cd starts decreasing and
this process repeats itself when switch S2 is triggered again.
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V. CONTROL OF PFC BL BUCK-BOOST CONVERTER-FEDBLDC MOTOR DRIVE

A. Control of Front-End PFC Converter: Voltage Follower Approach
The control of the front-end PFC converter generates the PWM pulses for the PFC converter switches (Swl and Sw2) for dc link
voltage control with PFC operation at ac mains. A single voltage control loop (voltage follower approach) is utilized for the PFC BL
buck-boost converter operating in DICM. A reference dc link voltage (V) is generated as

V=K, w".......... (1)

where K,, and w* are the motor’s voltage constant and the reference speed, respectively
The voltage error signal (17,) is generated by comparing the reference dc link voltage (V;.) with the sensed dc link voltage (V;.) as
VL (K) =V (K) =V (K)o 2
where k represents the kth sampling instant. This error voltage signal (V) is given to the voltage proportional-integral (PI)
controller to generate a controlled output voltage (V.) as
Vee(K) = Voo (K — 1) + Kp{Vo (K) — Vo (K — 1)} + KV (K)....(3)
where kp and ki are the proportional and integral gains of the voltage PI controller.
Finally, the output of the voltage controller is compared with a high frequency sawtooth signal (md) to generate the PWM pulses as

ifm,; <V, then S,; =ON

For v, > O: { 4 e v } ..................... (4)
ifm, >V, then S,; = OFF
ifm,; <V, then S,, = ON

ForV, <O; { 4 e w2 } ............................ (5)
ifmy = V.. then S,,, = OFF

where Swl and Sw2 represent the switching signals to the switches of the PFC converter.

B. Control of BLDC Motor: Electronic Commutation

An electronic commutation of the BLDC motor includes the proper switching of VVSI in such a way that a symmetrical dc current is
drawn from the dc link capacitor for 120°. And placed symmetrically at the center of each phase. A Hall-effect position sensor is
used to sense the rotor position on a span of 60°., which is required for the electronic commutation of the BLDC motor. The
conduction states of two switches (S1 and S4) are shown in Fig. 3. A line current i, is drawn from the dc link capacitor whose
magnitude depends on the applied dc link voltage (v,,), back electromotive forces (EMFs) (e,, and e;,,), resistances (R, and R,),
and self-inductance and mutual inductance (L, L,, and M) of the stator windings. Table 1l shows the different switching states of
the VSl feeding a BLDC motor based on the Hall-effect position signals (Ha . Hc).

VSI BLDC Motor

0

A S;

<
Q
(9]
\ |
7

0

Fig 3: Operation of a VSI-fed BLDC motor when switches S1 and S4 are conduéting.
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Table 2: Switching States for Achieving Electronic Commutation of
BLDC Motor Based on Hall-Effect Position Signals

0 (% Hall Signals Switching States

H, | Hy | He | S S5 | S5 | Ss | Ss | Se

NA 0 0 0 0 0 0 0 0 0

0-60 0 0 1 1 0 0 0 0 1
60-120 0 1 0 0 1 ] 0 0 0

120-180 | 0 1 1 0 0 1 0 0 1
180-240 l 0 0 0 0 0 1 1 0
240-300 1 0 | | 0 0 1 0 0
300-360 1 1 0 0 1 0 0 1 0
NA 1 | | 0 0 0 0 0 0

C. Proposed Fuzzy Logic Controller

The control framework is in light of fuzzy logic. FL controller is an one —sort, non- straight controller and programmed. This kind
of the control drawing closer to human thinking that makes the utilization of the acknowledgement, vulnerability, imprecision and
fluffiness in the choice making procedure, figures out how to offer an exceptionally tasteful execution, without the need of a
definite numerical model of the framework, just by fusing the specialists' learning into the Fluffy.

[mm—————————
- :
! Rules 1
! If - Then |
: I
I
Crisp p I 4 Crisp
Inputs »| Fuzzification | : Defuzzification |—{» Outputs
] I
Membership Functions | y : *
L (. Inference —
[ Engine |
- I
___________ )

Fig 4: Block Diagram of fuzzy logic controller

For the best control performance and simplicity,triangular membership functions are used as the input and output for FLC. The
inputs of the fuzzy controller are expressed in several linguistic levels.These levels has been described as Positive large(PL),
Positive medium(PM),Positive small(PS),Zero order(ZO), Negative large(NL), Negative medium(NM), Negative small(NS).
Figures 5-7 respectively shows membership functions of the input signal (el),change in input signal (e2) and output torque (Te).

[Memoersnip Tunction piots 3
PUICIONROS ooty 11
NN LR SR RN N A |
05t -
A 48 45 44 42 0 02 04 05 08

Fig. 5. Membership function for input variable error(E)
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Fig 6 membership function for input variable changes in error(AE)
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Fig 7 membership function for output variables

Table 3 shows the rule base used in this work which is based on the fuzzy variables selected and the observations of human
operator to ensure the stability and steady state accuracy.
Table 3:Fuzzy rule base
E/AE| NL | NM | NS | zO0O | PS | PM PL
NL| NL | NL | NL | NM | NS | ZO PS
NM | NL | NL | NL | NM| NS | zO PS
NS NL | NL | NM | NS | ZO | PS PM
ZO | NL | NM| NS | zO | PS | PM PL
PS NM | NS | ZzO | PS PM | PL PL
PM | NS | zO | PS PM | PL PL PL
PL Z0 | PS PM | PL PL PL PL

V. MATLAB/SIMULINK RESULTS
A. Test system data
No of poles(P)=4
Ra=0.2Q
La=8.5mH
Ke = 146.077 V,peak L-L/Krpm
Kt = 1.4 N.m/A Peak
J=1.3x 107*N.m/A?
B =0.005 N.m.s

Controller Gains:
Kp=04
Ki=3

B. Steady state results of PI controlled drive rated 200 volts

The steady-state behavior of the proposed BLDC motor drive for two cycles of supply voltage at rated condition (rated dc link voltage
of 200 V) is shown in Fig. 8.. The performance of the proposed BLDC motor drive for speed control by using PI controller has
been shown below
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Fig 8: Steady state results of PI controlled drive at rated 200 volts

1) Steady state results of FUZZY controlled drive rated 200 volts: The steady-state behavior of the proposed BLDC motor drive for
two cycles of supply voltage at rated condition (rated dc link voltage of 200 V) is shown in Fig. 9. The performance of the
proposed BLDC motor drive for speed control by using fuzzy controller has been shown and oscillations in speed troque are
reduced compared with the PI controller.
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Te(n-m) N(rpm)
)
o
S
=]

IL1(A)
: o

200 T T T T T T

-200 [ [ | [ [ |
. . . Time(sec) . .

Fig 9:Steady state results of FUZZY controlled drive at rated 200 volts
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2) THD analysis results of source current with PI controller at rated 200 volts: The harmonic spectra of the supply current at
rated dc link voltage of 200V and peak value of 5amps are shown in fig 10 for PI controller, respectively, which shows that the
THD of supply current obtained is under the acceptable limits of IEC 61000-3-2.
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Fig 10:THD analysis results of source current with PI controller at rated 200 volts

3) THD analysis results of source current with FUZZY controller at rated 200 volts: The harmonic spectra of the supply current at
rated dc link voltage of 200V and peak value of 5amps are shown in Fig 11 for fuzzy controller respectively, which shows that
the THD of supply current obtained is under the acceptable limits of IEC 61000-3-2 and improved as compared with PI

controller.
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Figl1THD: analysis results of source current with FUZZY controller at rated 200 volts
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Table 4: Comparision of performances at 200 volts

PARAMETER Pl FUzzY
CONTROLLER | CONTROLLER

Vdc 200 200
Is 6 6
PF 0.98 0.92
THD 6.73 2

C. Steady state results of PI controlled drive rated 185 volts: The steady-state behavior of the proposed BLDC motor drive for two
cycles of supply voltage at rated condition (rated dc link voltage of 185 V) is shown in Fig.12. The performance of the proposed
BLDC motor drive for speed control by using pi controller.
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Fig 12:Steady state results of PI controlled drive at rated 185 volts

1) Steady state results of FUZZY controlled drive rated 185 volts: The steady-state behavior of the proposed BLDC motor drive for
two cycles of supply voltage at rated condition (rated dc link voltage of 185 V) is shown in Fig.13 by using fuzzy controller.
Oscillations in speed troque are reduced compared with the PI controller
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Fig 13: Steady state results of FUZZY controlled drive at rated 185 volts
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2) THD analysis results of source current with PI controller at rated 185volts: The harmonic spectra of the supply current at rated
dc link voltage of 185V and peak value of 5amps are shown in Fig 14 for Pl controller, respectively, which shows that the
THD of supply current obtained is under the acceptable limits of IEC 61000-3-2.
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Fig 14:THD analysis results of source current with PI controller at rated 185volts

3) THD analysis results of source current with FUZZY controller at rated 185volts: The harmonic spectra of the supply current at
rated dc link voltage of 200Vand peak value of 5amps are shown in Fig 15 for fuzzy controller respectively, which shows that
the THD of supply current obtained is under the acceptable limits of IEC 61000-3-2 and improved compared with pi
controller

rSignal to analyze ~Available signal
() Display selected signel () Display FFT window Structure:
FFT window: 1 of 33 cycles of selected signal
ScopeDatal
5~ / - N l | | i It
input 2
0F Sional riber.
T / 1
‘ ‘ ‘ ; [ ‘ ;  FFTwindo
05 0.502 0.504 0.506 0.508 051 0512 0.514 0.516 0.518
Time (5 Startfite (5] 05
r~FFT analysis
Number of cycles: 1
Fundamental (50Hz) = 7.365 , THD= 2.00%
‘ ‘ ‘ \ Funciamental frequency (Hz):
1+ ~ 0
=08 ] ~FFT seffing
E Distlay style
206 i
= Bar (relative to fundamental)
0t i 10
0
~ Frequency axis:
202r ) Hertz
Max i Hz):
[ | | | | | [ | | [ il
0 W 20 WM A0 50 60 0 80 W0 100 fu
Frequency (Hz)
Display Close

Fig 15:THD analysis results of source current with FUZZY controller at rated 185volts
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Table 5: Comparison of performance at 185 volts

PARAMETER PI controller Fuzzy controller
Vdc 185 185
Is 6.432 7.366
Pf 0.894 0.8674
THD 12 2

D. Steady state results of PI controlled drive at rated 130 volts

The steady-state behavior of the proposed BLDC motor drive for two cycles of supply voltage at rated condition (rated dc link voltage
of 130 V) is shown in Fig.16. The performance of the proposed BLDC motor drive for speed control by using pi controller has
been shown
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Fig 16: Steady state results of PI controlled drive at rated 130 volts

1) Steady state results of FUZZY controlled drive at rated 130volts: The steady-state behavior of the proposed BLDC motor drive
for two cycles of supply voltage at rated condition (rated dc link voltage of 130V) is shown in Fig.17. The performance of the
proposed BLDC motor drive for speed control by using fuzzy controller has been shown and oscillations in speed troque are
reduced compared with the PI controller.
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Fig 17: Steady state results of FUZZY controlled drive at rated 130volts
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2) THD analysis results of source current with PI controller at rated 130volts: The harmonic spectra of the supply current at rated
dc link voltage of 130V and peak value of 5amps are shown in Fig 18 for PI controller, respectively, which shows that the
THD of supply current obtained is under the acceptable limits of IEC 61000-3-2.
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Fig 18:THD analysis results of source current with PI controller at rated 130volts

3) THD analysis results of source current with FUZZY controller at rated 130volts: The harmonic spectra of the supply current at
rated dc link voltages of 130V and peak value of 5amps are shown in Fig 19 for fuzzy controller respectively, which shows that
the THD of supply current obtained is under the acceptable limits of IEC 61000-3-2 and improved compared with pi
controller results of Fig 18
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Fig 19 :THD analysis results of source current with PI controller at rated 130volts
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Table 6: Performance comparison
Parameter Pi controller Fuzzy controller
Vdc 130 130
Is 9.94 7
PF 0.7 0.7049
THD 16.73 3.50

The performance comprasion of the BLDC drive for speed control at different DC link voltages with Pl and FUZZY logic
controllers is shown in Table 7
Table 7: Overall performance comparison of BLDC drive

S.NO PI CONTROLLER FUZZY CONTROLER
Vdc(Volts) N(rpm) IS(A) PF %THD | N(rpm) | Is(A) | PF %THD
130 1000 9.94 0.7 15 850 7 0.70 | 3.50
185 1200 6.6 0.8 12 1000 7 0.86 |2

200 1320 6 0.98 | 6.73 1200 6 092 |2

VI. CONCLUSION

A PFC BL buck-boost converter-based VSI-fed BLDC motor drive has been proposed targeting low-power applications. A new
method of speed control has been utilized by controlling the voltage at dc bus and operating the VSI at fundamental frequency for
the electronic commutation of the BLDC motor for reducing the switching losses in VSI. The front-end BL buck—boost converter
has been operated in DICM for achieving an inherent power factor correction at ac mains. A satisfactory performance has been
achieved for speed control and supply voltage variation with power quality indices within the acceptable limits of IEC 61000-3-2.
Moreover, voltage and current stresses on the PFC switch have been evaluated for determining the practical application of the
proposed scheme The proposed PFC Bridgeless Buck Boost converter-fed BLDC motor drive with Pl and Fuzzy logic controllers
separately have been successfully simulated in MATLAB/simulink. The simulation analysis proves that the fuzzy logic controller
minimize the torque ripples, improves speed control, stator currents and stator emf as compared to PI controller. DC link capacitor
allows the switching of VSI at fundamental frequency leading to less switching and conduction losses. The obtained power
quality at the supply mains has been found within the considerable limits of power quality standards such as IEC 61000-3-2.
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