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Abstract

This article demonstrates the reduction of harmonic distortion using field oriented commutation (FOC)
technique in sensorless BLDC motor. The conventional sensorless drive techniques in brushless DC (BLDC)
motor involve a six MOSFET based six-step inverter that is fed with Pulse Width Modulated (PWM)
commutation signals. The aforesaid method uses trapezoidal back EMF for the detection of rotor position. The
trapezoidal or six step commutation method is the simplest scheme available for both speed control and drives in
sensorless Brushless DC motor, however such technique fails to perform at lower rotational speeds (rpm) and
exhibits high torque ripples. To reduce the torque ripples as well as harmonic distortion in conventional BLDC
drives, this work presents Space Vector Pulse Width Modulation (SVPWM) technique. This SVPWM based
commutation topology changes the switching time in the said six-step inverter by altering the duty cycle of the
gate pulse signals in accordance with the average variation of reference voltage vector. Due to this commutation
methodology, the output torque ripple of BLDC is smoothening significantly. The design and dynamic
performance of the developed SVPWM drive are evaluated in MATLAB/SIMULINK based platform. The
performance analysis is estimated in terms of rise time and total harmonic distortion (THD) at low as well as
high rpm and finally the rise time of rotor speed is compared with that of trapezoidal based commutation
technique (both sensored and sensorless) at different speed which shows satisfactory results over a wide range
of speed.
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1. INTRODUCTION

Brushless DC motor has consideration due to the increasing demand in numerous applications such as ventilation, refrigeration,
aerospace, electric car, heating, air conditioning, several medical and industrial instruments. Furthermore, BLDC motor does
not use brush and commutator so it is inherently non-self-commutating in nature and they require an external commutation
circuitry [1-3]. This commutation results in ripples in the torque generated due to the transfer of current from one phase to
another. The presence ofripples in the torque of the BLDC motor is also due to design of the motor or power inverter supply
resulting in non-ideal current waveforms [4-5]. Torque ripple due to phase current commutation is the main drawback of the
BLDC drive system. The effects of ripples in the torque are undesirable due to demanding motion control and precision
requirements in machine tool applications [6-8]. Different commutation topologies are found in the literature to minimize the
ripples in the torque [9-11]. This paper proposes a low cost method to minimize the pulsating ripples in thetorque dueto phase
commutation using SVPW M. Figure 1 shows a basic block diagram of the SVPWM based BLDC motor, this work assurmes
the d-g model of the BLDC motor and uses rotor angle as position feedback, and this method creates more reference points
than 3reference points which is standard for other commutation techniques. This is helpfulto regulate the oscillation of stator
current, limiting torque ripple in the process. The SVPWM method proposed here does not create harsh current transitions
throughthe motor coils, because the current and phase voltages are sinusoidal in nature. The SPWM method provides precise
and smoothcontrol of BLDC motor which traditional commutation is unable to achieve [12].
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Figure 1. Basic block diagramof the SVPWM based BLDC motor

The paper agreement is as follows. The first section familiarizes the work followed discussion on the circuit operation and
modeling of the BLDC drive in Section 2. The proposed SVPWM commutation technique is presented in Section 3.
Subsequently, the MATLAB/SIMULINK model of the designed SVPWM commutation technique based BLDCdrive is given
in Section 4. Experiment results and discussion are presented in Section5and section 6 concludes with some final remarks.

2. MATHEMATICAL MODELING OF BLDC MOTOR DRIVE

The benefit of the brushless DC motor in direct quadrature (d-q) coordinate model is that the rotor angular position © is not
directly involved in the motor dynamics equations. As a consequence, the dynamic analysis and control using (d-g) coordinate
modelare significantly simpler than using phase model (a-b-c) coordinates. To transformthe phase equation of the BLDC model
to direct quadrature coordinates necessary for space vector analysis Clark and Park transformis implemented. Clark inverseand
Park inverseis usedto revert thedirect quadrature coordinates to the phase model equation of the BLDC model [13-14].

21 Modeling of Brushless DC Motor

BLDC motorconsists ofa permanentmagnet rotor which rotates, encircled by threeequally spaced windings, which are fixed
(the stator). The current flow in each winding produces a magnetic field vector. The three-phase motor current feedback s
transformed intoa space vector in the d-q frame and is separated into two parts (thed and g component) which are controlled
separately sothatthe controller can produce any currentvector in the d-g frame. The BLDC modelused in the SPWM technique
is designedin the d-g model. Here the BLDC is fed by a sinusoidal signaland therefore the harmonics can be analyzed in the
d-q model [15-16].

2.2 Clark Transformation

The Clark transformation is used to convert three phase abc reference frame to stationary a8 reference frame, and inverse
Clark transformation is used to convert time domain a8 to abc axis. Figure 2 and 3 shows the Simulink model of Clark and
inverse Clark transformation respectively. Vi, Vb and V. are three phase stator voltages.
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Figure 2. Simulation model of Clark Figure 3. Simulation model of inverse Clark

transform transform

2.3 Park transformation

The Park transformis used to convert the fixed reference frame (o, B) to rotating reference frame (d, q), and inverse Park
transformis usedto convert rotating reference frame (d, q) to fixed reference frame (o, 8). Figure 4 and 5 shows the Simulink
model of parkand inverse park transformation correspondingly.

Vd] _[cosB sind [V(x]
[Vq - [—sinG cose] Vg 3)
Va
Vd] _ E[ cos®  cos(6 —v) cos(0+vy) v 4
Vgl ™ 31-sin® —sin(6 —y) —sin(6 +y) Vb =
C

Where, v is 2*7/3 and 6 is rotorangle orangle betweenalpha-betaaxis and d-q axis. The BLDC controlblockis given by g-
axis control, d-axis controlandtorquespeedcontrol.

The d-axis controlblockis given by Eq.5

1 . .
E =V; — (ig* we)Lg —igR (5

Torque speed controlblock is given by Eq.7and Eq. 8

To=igYar+(La—Lg)Ua+1y) (6)
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Where, L, and L, are inductance, R is stator resistance, Y,  is rotor flux constant, / is moment of inertia, B is friction vicious
gain, P is numberofpoles.

U(1)*cos(u(d))+u(2)*cos(u(d)-2"pil3)+u(3)"cos(u(4)+2*pil3)

u(1)*cos(u(3))-u(2)*sin(u(3)) »

u(1)*cos(u(3)-2"pif3)-u(2)*sin(u(3)-2"pi/3) 4 Ba

u(1) cos(u(3)+2"pif3)-u(2)*sin(u(3)+2*pi/3) >

U(t)sin{uld)}u(2)Psin(u4)-2*pIi3) 3y sinfu(d)r2'pi3)

Figure 4. Simulation model of Park transform Figure 5. Simulation model ofinverse park transform

3. SVPWMCOMMUTATION TECHNIQUE

The space vector pulse width modulation concept is derived from the rotating field of induction motor. This is used for
modulating the inverter output voltage. In this modulation technique, the three-phase quantities can be transformed to their
equivalent two-phase quantity either in synchronously rotating frame or stationary frame [17-18]. From these two-phase
components, the reference vector magnitude can be found and used for modulating the inverter output. This commutation
technique computes near switching vector sequence to the reference vector and the corresponding switching state determined
by comparison and simple addition. This technique is defined in accordance with the spatial positionofthe windings applied
to the voltage. Three-phase stator voltage that applied on the three-phase winding can define three voltage space vector. The
connectionis suchthat theaddition of the three phase componentsis 0, i.e, Va + Vb + V; =00ris +ip +ic =0. Thereare 22 =8
kinds of switch status for the entire three-phase inverter. Alternatively using these eight states, PWM waveform will be
generated such that the average phase will be sinusoidal. These 8 states are: 000, 001, 010, 011, 100, 101, 110, 111. 000 and
111 are considered zero inverter states as the inverter’s only lower arms and only upper arms are conducting respectively, this
two inverter states making zero output voltage are known as zero switching states.

The SVPWM consists of few steps. First determine the switching vectors (V,, V,, V.., and angle «). Second, computations of
time duration T,,T,, T,and third, determine the switching time of each transistor (S, to S). The objective of space vector
PWM technique is to approximate the reference voltage vector V.. - using theeight switching patterns. One simple method of

approximation is to generate the average output of the inverter in a small period, T to be the same as that of V.. in the sane
period.
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Figure 6. MATLAB/SIMULINK model ofthe proposedsystem
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4. MATLAB/SIMULINK MODEL OF BLDC MOTOR USING SVPWM

The systemconsists of speed, d and g axes currentPl regulators, Park and Clarke transformations, inverse Park transformation,
space vector generation, speed calculation and PWM generator modules. An incoming speed command goes into a speed PI
regulator which outputs g axis reference current. The d axis current reference is set to zero. These currentreferences and their
corresponding feedbacks are DC quantities for the Pl regulators to track easily [19-20]. The outputs of the current Pl regulators
generatestator d-g axes voltagereferences whichare also in DC quantities. Thespace vector pulse width modulation converts
the stationary reference fromvoltage references into abc frame-based duty cycle equivalences. To obtain the d-g axes current
feedbacks in DC quantities, first a—and b—axes AC currents are transformed into stationary values using Clarke transformation
and thenthestationary current values acquired from Clarke transformation are setupas inputs to the Park transformationalong
with the rotor position feedback signal to generate the equivalent DC feedback quantities in d-q reference frame. Park
transformation is used to transformthe stator quantities ofa BLDC onto a d-q reference frame that is fixed to the rotor, with
the positive d axis aligned with the magnetic axis of the rotor. It is possible to separate the motor complexspace vectors into
stationary real and imaginary parts with the Clarke transformation. By using the Clarke transformation in stator currents is
transformed fromthree-phase to two-phase quadrature equivalent values as inputs to the Park transformation.

5. RESULTS AND DISCUSSION

The circuit of proposed model implemented in MATLAB/ SIMULINK platformto evaluate the performance of the BLDC motor.
The simulation circuit is shown in Figure 6. In this simulation circuit or Simulink model of all semiconductor devices is used.
Forthis model, three different reference speeds are taken as 500 rpm, 1000 rpmand 2000 rpmwith 10 Nm constant load Torque.
This paper shows the simulation study of the different rpm by analyzing the output waveforms of the following parameters.
Figure 7,9, 11 and 13 shows the rotor speed, stator back EMF, stator current and electromechanical torque (EM) of the BLDC
motor respectively for SVPWM technique. Figure 8, 10, 12 and 14 show FFT analysis of rotor speed, stator back EMF, stator
current and Electromechanical Torque ofthe BLDC motor respectively also shows the corresponding total harmonic distortion
(THD). It can be seen that the results are shown a good agreement with simulation outcomes. Specifications of the proposed
modelare given in Table 2.

To analyze the performance of the proposed systemand evaluate rise time for different speed. The evaluated values areillustrated
in Tablel. For 500 rpm the rise time of rotor speed waveform of the proposed SVPW M system (2.77 ms) gives much better
output thanback EMF method (4.43 ms) and standard sensored method (17.608 ms). For 1000 rpm the rise time of rotor speed
waveform of the proposed SVPWM system (6.0 ms) gives better output than back EMF (15.743 ms) and standard sensored
method (9.587 ms). Whereas the 2000 rpm the rise time of speed waveformofthe standard sensored method (13.573 ms) much
betterthanthe proposed SVPWM method (25.99 ms) and back EMF method (22.825 ms).
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Table 1. Rise Time Analysis ofthe Proposed

Table 2. BLDC motor parameters used for simulation
SystemCalculated fromrpmWaveform P

Rotor Rise Time(ms) Motor parameters Values
Speed
(rpm) Proposed [ Back EMF Sensored Friction Coefiicient 10 Kg/ms
SVPWM method method - S >
method Moment of Inertia 0.8x 107 Kg.m
Inductance 8.5x 10° Henry
500 2.77 4.43 17.60 No. of poles 4
Resistance per phase 2.8750 ohms
1000 6.0 15.74 9.58 Torque 3 N-m
Torque constant 0.1 N-m/Amp
2000 25.99 22.82 13.57
Back EMF constant 0.175 volts/rad/sec

6. CONCLUSION

In this researchwork, a detailed study on the space vector commutation in a three-phase BLDC motor is presented. The whole
study is executed in MATLAB based simulation platformand the parameters like rotor speed, stator current, back emf and
electromagnetic torque have been both in time and frequency domain (FFT analysis). In each case of FFT analysis, the total
harmonic distortion (THD) at fundamental frequency is calculated and finally compared with common commutation techniques.
Forthe purpose of comparison, we consider three reference speeds of rotor viz., 500 rpm, 1000 rpm and 2000 rpm. The SVPWM
technique compared with both back EMF and sensored drive of BLDC motor is much advantageous dueto minimal THD value.
In addition, the rise/response time of the motoralso improves by introducing SVPWM method as shownin Table 1 in precise
controllingapplications, SWVPWM can function more accurately with less THD and produces a smooth dynamic response.
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