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Abstract

Brushless DC motors have the large applications because of its easiest control system and the highest efficiency. Industrial BLDC motor
drives suffers from the ripples in the torque, due to which motor has more noise, vibrations and less efficient. To reduce the ripple, the
Space Vector PWM (SVPWM) and Sinusoidal PWM are implemented in BLDC drive. The Pulse Width Modulation (PWM) controls the
converter output voltage and frequency. Space Vector PWM (SVPWM)and Sinusoidal PWM are the best techniques used in industries
because its easy design. Space Vector PWM control method is implemented and it overcomes the disadvantages in PWM such as losses
in switching of the converter, output harmonic content& provides better DC-bus voltages. The torque ripples are also reduced in
SVPWM method compared to SPWM method. In this paper BLDC motor with a fuzzy controller is presented and the comparison in
performance of SVPWM &SPWM methods presented. The SVPWM makes the drive has less ripple in torque& noiseless operation. The

Matlab/Simulink models of SVPWM and SPWM method with fuzzy controlled BLDC motor also presented.
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1. Introduction:

Brushless DC motor (BLDC) rotor has permanent magnet poles
which provides magnetic field. BLDC Motors have high efficien-
cy, high power to torque ratio, low noise and better operating per-
formances. Supply for BLDC motor is fed with converter. BLDC
motor stator voltage and currents are control by the converter.
Losses are less and has a long life time because of the BLDC mo-
tor does not have brushes and commutator. Due to the electroni-
cally Commutation in BLDC motor, the effective speed control is
possible and it makes the BLDC is more superior in performance
compared to DC brush motors and AC motors.3 phase bridge
converters [2] are used to the control in supply voltage of the
BLDC motors, Stator windings of two phases are provided supply
and the third phase is isolated. The position of the rotor is decided
by the two phases which are having supply. By knowing the rotor
position, converter switching devices is turned on. Each switching
device is turned on for every 60 degrees. Electronic commutation
is happening with this process. So the Back-emf is induced in the
stator. BLDC motors have better regulation because of their linear
speed and torque characteristics compared to induction motors. So
BLDC motors are more suitable for variable frequency drives,
electrical vehicle and actuators for industrial robots etc applica-
tions.

In robot arm control, electric hybrid vehicles BLDC motors are
used. Because of non linear switching control of converter con-
tains the harmonics and its cause to have torque ripple [3].The
major disadvantages is torque ripple with that performance of
applications are reduced. By using with hysteresis current control
[1], non-ideal Back emf sensing [8], magnet segmentation, stator

and rotor shape designs of Interior Permanent Magnetic. These
methods are used to reduce the torque ripple content for the BLDC
motor drive. These methods are best suitable for variable frequen-
cy drives (VFD).By the modulation technique Pulses are produced.
This will reduce the magnitude of harmonics and make the output
waveform into a pure sinusoidal. The PWM &SVPWM [5] meth-
ods are used for reducing total harmonic distortion. With the help
of PI controller speed of the motor can be controlled, but the se-
lection of proportional gain (k,) and integral gain (k) is difficult.
Some of the nonlinear applications controlling is not possible. So
the fuzzy controller [4] was introduced, with the help of this we
can easily control the nonlinear applications also. The PMSM with
Pl and fuzzy controllers [7]-[9] are discussed. With the Fuzzy
controller the torque ripple in PMSM with vector control is re-
duced. To increase the motor stability and to reduce the noise, the
fuzzy controller is preferred.

This paper presents the Matlab/simulation of SPWM & SVPWM
with fuzzy control models. The torque ripple analysis is made on
these methods. These methods are discussed in this paper to re-
duce the torque ripple and total harmonic distortion in the output.
The motor with the space vector Pulse width modulation com-
pared to Sinusoidal pulse width modulation with fuzzy controller
is presented. The speed control scheme of BLDC motor with
PWM technique with fuzzy controller is shown in fig.1.
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Fig.1: Speed control system of BLDC motor with PWM
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2. Mathematical modeling of BLDC motor

BLDC with a 3 phase star (Y) connected winding of displaced by
120° electrical are widely using. BLDCM have a permanent mag-
net rotor and back emf is induced in the stator winding. The stator
winding self-inductance and mutual inductances are constant and
equal per phase. Inductance in the motor does not allow sudden
change in the current. Voltage is also reduced because of the
winding resistance. Stator magnetic field and rotor magnetic field
are perpendicular to each other therefore torque is produced with
fields interaction. Stator windings cut the flux of rotating rotor; in
the stator windings back emf is produced. The stator Electrical
equivalent circuit of BLDC motor is shown in fig.2.
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Fig.2: Statorelectrical equivalent circuit of BLDC motor

To control the motor speed and the frequency of the supplied volt-
age inverter is used.Because of its easy implementationThe most
used modulation techniques are SPWM and SVPWM.

V,] [R 0 O], L-M 0 0
Vv,|7lo R offii|fl o L-M o
v.| o o R|[i 0 0 L-M
d ia_ €,
200
dt | e €y
iC_ eC
Ea = kox fo(B)xcay, (1)
Ep = kpx fo(6—-120%) ez, 2
Ec = kox f(6 + 120%) %, 3
1 0o=6, =T
F= 1-F(e. —F):F =6 =m 4)
3 3 T 3
-1 T=g, ==
—1+F (6, —F)SF =6, =2n
3 3 m 3

_4*P*N*¢m*|d

Te I1*n

d
T, =Jon B, *o, +T,
dt
Where T, is the load torque, J is the rotational inertia of the rotor
and load, B, is the viscous damping coefficient.
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Where,

F= trapezoidal function of back emf (per phase)

&, = rotor electrical angle
kp,= motor constant

iy = motor speed

P= number of poles

.= electrical angle

V, Vpand V.are the stator phase voltages .i,ipand icare the stator
phase currents, L is the self-inductance, M is the mutual induct-
ance, R is the resistance of the stator, T.is electromagnetic torque,
Te is load torque and Bpis the damping coefficient.

2.1 SPWM modulating technique

It is very easy and common used modulate technique, which is a
comparison of three phase sinusoidal signals with the carrier sig-
nal at higher frequency, results in the pulses those can be given to
the gate signals to the inverter. Then inverter switches are con-
trolled by comparison of carrier and reference signals. The nor-
malized phase voltage (modulation index) is 0.5. The pulse gener-
ation is shown in fig.3.
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9.3: pulse generation by SPWM

In the SPWM technique has the triangular frequency (repeating
sequence) is the frequency of PWM technique. Converter frequen-
cy is controlled by the control voltage frequency. The amplitude is
controlled by the maximum value of control voltage. The Modula-

tion Index is given by

v,
M= £

Vtriﬂngu!ﬂr
Where, Vro,= Fundamental component of supply phase voltage.
If V> Viiangular then Vro = Vy/2 & If V<Vyiangular then Vro = -
Vyl2.

2.2 SVPWM modulating technique

The basic SVPWM principle is getting the d-q axis voltages from
the three phase stator voltages. Calculations and pulse generation
are made easy with SVPWM than other PWM techniques. Space
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Vector Modulation (SVM) generates the pulses of input supply to
the three-level bridge VSI. The three line voltages Va,, Vi and Ve,
are displaced by 120° in space. The representation of the three
phase voltages as vectors in a two dimensional plane. The se-
quence of switching has an eight possible states. Every switching
state is represented depends upon the leg connection of each phase,
here ‘1’ indicates that phase leg is connected to the positive plate
of the DC link, and ‘0’ indicates that phase leg is connected to the

negative plate of the DC link. The‘100’ switching combination
represents that the phase-A output terminal V, is connected to the
positive DC plate, and phase B and C output terminals V, and V.
are connected to the negative DC plate. The effective voltage vec-
tor generated by this topology is represented as V;.The Represen-
tation o, plane switching combination 100 is shown in fig.4.
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Vab = Va
Voe = O
Vea= -Va

V1(100)

a
Vea Vab

Fig.4: Representation of a, B plane switching combination 100.

Similarly the other switching sequences should be represented by
the vector diagram like the above. SPWM has comparing three
input waveforms with the high frequency triangular waveform
where as SVPWM three inputs are taken simultaneously into a
two dimensional frame (d-g axis) and a single quantity representa-
tion of a resultant vector. Total switching states with SVPWM are
shown in fig.5.

Fig.5: Vector representation of six states with SVPWM

The sector 1 represents the reference voltage.
Ve Can be represented as

...
Viep = ﬂ|5vmeﬂ,
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Where, 8 = wt = 2mft

Where,T;

B =8—(N-1)60°
@ is an angle within 0 to 60 degrees for each vector.
The switchinIg} periods are determined by below equations,

f in (60° — 0)
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Lower order harmonics are reduced and high modulation index
with SVPWM. It provides the high Output fundamental voltage,
Reduce the harmonic content and less THD.

3.1Simulation model of BLDCM with Fuzzy controller

Fuzzy controller is a linguistic controller based on fuzzy logic. For
fuzzy controller two inputs those are, error and change in error of
a speed is required. The fuzzy controller output is the current.
Conditions and rules are present between the output and input data.
The membership functions for speed error, change in speed error
and current shown in the below figures.
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Fig.5. Membership values of the control signal

The fuzzy inference rules are shown in below table. The seven
rules are the conditions to decide the output depends on input. The
rules are,

1. If error = PL then control = PL, 2. If error = NL then control =
NL, 3. If error = ZE and change in error= NE then control =

4. If error = ZE and change in error = PE then control = PM, 5. If
error = NM then control = NM, 6. If error = PM then control =
PM

and?. If error = ZE then control =

Example: from 5" rule error in speed (Per unit) is between -0.4 to
0 then control (Ig) is between -10 to 0 amps.

2.3 Specifications of motor

Parameter Rating
Input DC voltage 150V
Resistance of stator 0.2
Inductance of stator 0.0030
Load torque 5Nm
Torque constant 0.49Nm/A
Moment of inertia 0.0005
Number of Poles 4
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3. Simulation models

The simulation model of BLDC motor with the SPWM and
SPWM are shown in below in fig 6 and fig 7.

Speed

refarence

<Stdr et 3 AP

St vy
[T
o Saoped
n
i

= 4
D

‘GMI

———

Fig: 6 simulation of BLDC motor with SPWM technique

il

Three-Phase
V-1 Measurement

BLOC motor

; ;ﬁ : .
N - .
pevalll e - S e S S
™ V :ﬁﬂ " o
| Dl

T —

Saopel

Three-Phase
V-l Measurement

Fig: 7 Simulation of BLDC motor with SVPWM technique
3.1 Simulation Results

The back emf and stator current simulation results of BLDC motor
with the SPWM are shown in fig 8.
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Fig8.Back emf and stator current of a BLDC motor with SPWM.

The back emf and stator voltage simulation results of BLDC mo-
tor with the SVPWM are shown in fig 9.
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Fig 9.Back emf and stator current of a BLDC motor with SVPWM

The stator line voltage simulation results of BLDC motor with
SPWM are as shown in fig 10.
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Fig10. The stator line voltage simulation results of BLDC motor with-
SPWM

The stator line voltage simulation results of BLDC motor with
SVPWM are as shown in fig 11.
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Figll. The stator line voltage simulation results of BLDC motor with
SVPWM.

From the Figl0& Figll with SVPWM method. The produced
stator line voltageshave less harmonics compared to the SPWM
method. The stator line voltage is approaching to sinusoidal in
SVPWM.

The speed curve of simulation results of BLDC motor with the
SPWM is as shown in fig 12.
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Fig12. The speed curve of BLDC motor with the SPWM

From the Fig12, the mechanical load of 5 Nm is applied at 0.5 Sec,
then the rotor speed falls down and tracking along with the refer-
ence speed.In the speed curve, there existing some oscillations in
speed.

The speed curve of simulation results of BLDC motor with the
SVPWAM is as shown in fig 13.
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Fig13. The speed curve of BLDC motor with the SVPWM

o

From the Fig 14, the mechanical load of 5 Nm is applied at 0.5 sec,
the dip in the rotor speed is less in case of SVPWM method com-
pared to SPWM method & speed oscillations are less in SVPWM.
The rotor speed is tracking according to the reference speed.

The torque wave form of simulation results of BLDC motor with
the SPWM is as shown in fig 14.
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Fig.14.Torque curve of a BLDC motor with SPWM.

The torque wave form of simulation results of BLDC motor with
the SVPWM is as shown in fig 15.
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Fig15.Torque curveof a BLDC motor with SVPWM.

The simulation result of the torque curve at steady state is as
shown in fig 16.
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Figl6. Torque curve at steady state with SPWM

The simulation result of the torque curve at steady state is as
shown in fig 17.

Torque ripple at steady state

Torque(Nm)
Y
g

&

48 L L I I L I |
09 091 092 093 094 095 096 097 098 099 1

Time(Sec)

Fig 17. Torque Curve at steady state with SVPWM

3.2Torgue Ripple calculation:

The ratio of peak to peak value to the average value of torque is
defined as the Torque ripple.
T.. _ ‘max” ‘min
ripple Tavg
From the figl7, Torque ripple =(5.3-4.75)/5 =0.11
% torque ripple=11%
From the figl8, Torque ripple =(5.17-4.93)/5 = 0.048

% torque ripple= 4.8%

1. Torque ripple comparison table

S.No Method % Torque ripple
1. Sinusoidal PWM 11%
2. Space vector PWM 4.8%

4. Conclusion

The performances of BLDC motor areobserved by Matlab/ simu-
lation. With the help of modulation techniques, the torque ripple
reduces to some extent. By using the PWM method, the percent-
age of torque ripple is reduced to 11%. With the proposed
SVPWM, the torque ripple still reduced to 4.8%. The SVPWM is
taking less current during speed control and the utilization of DC
supply effectively over SPWM method. The speed curve is taking
less time to settle and haslow oscillations in SVPWM. This result
SVPWM is the best suited method to control the converter supply
to the BLDC motor.
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