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Abstract: Permanent magnet synchronous machine is modeled sinusoidal and trapezoidal Back EMF. Stator is modeled by abc
transformation that is trapezoidal Back EMF called as Brushless DC Motor. BLDC motor widely used for industrial applications. It has
constant torque under ideal conditions but practical case torque ripple appeared due to the freewheeling of inactive phases and
commutation failure. Torque ripple affects the smoothness of variable speed control. Various control techniques and methods are used
to reduce the torque ripple. In this paper analyze the performance of BLDC motor with cascaded H-Bridge multilevel inverter and diode
clamped multilevel inverter. This has been simulated using MATLAB simulation software and the torque ripple is calculated.
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1. Introduction

Brushless direct current (BLDC) motors have characteristics
of high reliability, simple frame, and small friction. By
comparing with PMSM, BLDC motor has the advantages of
high speed adjusting performance and power density
[15].The torque ripple reduction and the control performance
improvement of BLDC mainly focused on commutation
torque ripple, the torque ripple produced by diode
freewheeling of inactive phase, and the torque ripple caused
by the non ideal back electromotive force (EMF). For the
commutation torque ripple, Calson et al. proposed that
relative torque is related to current and varies with speed
[16]. In [7], a single dc current sensor and an adaptive phase-
change point regulation scheme should be used to suppress
the commutation torque ripple, but the diode freewheeling of
inactive phase was not considered. Chuang et al. have
analyzed the domination of different pulse width modulation
(PWM) patterns on the commutation torque ripples
according to the BLDC motors with ideal trapezoidal back
EMF [6], the proportional integral (PI) controller is a well
known system in control engineering. Transfer function of Pl
controller.

6s) =k(1+2) (1)

Where,

G(s) is the gain and K is the Control parameter. Sensor less
control technique is used to determine the current position of
the rotor. Based on the rotor position switching pulses are
generated by sinusoidal pulse width modulation. Depend
upon that pulses inverter is provide supply for BLDC Motor.
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Figure 1: Block diagram of BLDC drive system

BLDC Motor actual speed and reference speed is compared
to provide input (error signal —difference between both
speeds) to controller. PI controller K, is determines current
error and K; determines future error. PI controller output and
measured Back EMF is multiplied to provide the reference
signal for the sinusoidal pulse width modulation. PI
controller’s trained data is used for ANFIS training.
Sinusoidal PWM is used to shift the lower order harmonics
to higher order harmonics. Because, lower order harmonics
frequency near to the fundamental frequency so it leads
difficulty for filtering and lower order harmonics requires
high pass filter to increase filter cost. ANFIS is trained based
on the previously simulated PI controller data’s. Pl controller
tuning is difficult and it requires an experts to tune and it
have slow response. But ANFIS have the advantage of both
Fuzzy logic and Artificial Neural Network.

2. Brushless DC motor

BLDC motor rotor part is having permanent magnet and
stator part having three phase winding. So it has less inertia
and friction. But the speed control is difficult due to the
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absence of field winding. The Brushless DC motors have
many advantages like better mechanical characteristics, high
efficiency, high dynamic response, small size and easy
construction [9]. In the last years, brushed dc motors and
induction motors for small applications can be replaced by
brushless dc motors [11].

The three phase model is selected for simulating BLDC,
stator and rotor voltage equations are defined in [10],
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Where,
i, Up U : Stator winding phase voltage (V)
R,.R;. R Stator winding resistance (Q)
i,.i5.i. : Stator winding phase current (A)
€., 8 €, ¢ Stator winding back EMF (V)
L. Ly Lo Self inductance (H)
My, M. M_;, . Mutual inductor (H)
Equation (2) can be written as,
a
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Electromagnetic torque produced by the stator winding is,
f%: I.—T,— By (5)

Where,

T. : Magnetic torque (N*M)

T; : Load torque (N*M)

B : Damping Factor (N.m.s/rad)

w : Motor speed (rad/ s)

I : Motor moment of inertia (Kg/m)

3. Multilevel Inverter
3.1 Diode clamped Multilevel Inverter

A three phase five level diode clamped multilevel inverter
topology is shown in figure 2. Three phase inverter output
voltage shares common dc bus voltage and it is divided for
five levels using dc capacitors. In this multi level inverter
have three legs. Each leg has switches, clamping diodes and
freewheeling diodes for each leg have upper and lower legs.
Voltage across the each capacitor is P—j- and clamping diodes
are used to limit voltage stress across the switching devices.
Switches are  denoted  aS  s.,.Sgg...5g2.508 o
Shys Shze o Shz o Spg AN 504,500, -0 5.5 .55 .Clamping  diodes
are denoted D,,D,,...D,. The required number of
capacitors (C), clamping diodes (j) and freewheeling diodes
(d) can be calculated from the following formulas,

c=m—1 (6)
d=2(m—1) (7
j=0m-1)(m-2) (8)

Where,

m is number of levels
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Figure 2: Three phase five level topology of diode clamped
multilevel inverter.

=

For five level diode clamped multi level inverter lookup table
is shown in table 1. From table 1 switches ON and OFF to
get required voltage levels. In this table 1 denotes ON and 0
denotes OFF position of the switches. For each time four
switches must be in ON condition reaming switches are OFF
condition, same switches in the upper and lower leg is don’t
turn ON. Different voltage levels are described in table 1

Uar

i.e., ¥zn. The first switching state == is obtained by turn ON

switches =4;.5,5.5:3. 554 @nd remaining switches are in OFF
condition.

Table 1: Voltage levels of five level diode clamped
multilevel inverter and switching states.

Voltage Van  Switching state
5:I 5:.t 5:! 5:: 5:11 5121 5:31 5:11
Va= V2 1 1 1 1 0 0 0 0
Va=V;.4 0 1 1 1 0 0 0
Vy=0 0 0 1 1 0 0
1

1
Vi=-Vgd 0 0 0 1 1 0
Vp=-Vg2 D ] 0 ] 1 1 1

Diode clamped multilevel inverter have more efficiency
under fundamental frequency and high frequency switching.
But increase number of levels, increase number of diodes and
topology makes more complex.
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3.2 Cascaded H-Bridge Multilevel Inverter
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Figure 3: Three phase five level Cascaded H-Bridge
multilevel inverter topology

The cascaded H-bridge inverter dc source on the dc side,
which can be obtained from batteries, fuel cells, or ultra
capacitors, and series-connected on the ac side. The
advantage of this topology is that the modulation, control,
and protection requirements of each bridge are modular. It
should be pointed out that, unlike the diode-clamped and
flying-capacitor topologies, isolated dc sources are required
for each cell in each phase. Number of levels can be
increased by adding the bridges series. Switches in same leg
does not conduct at same time because of avoid the short
circuit.

4. Adaptive Neuro Fuzzy inference system
training
In the five level diode clamped multi level inverter fed

BLDC have one Pl controller. ANFIS controllers are derived
from the PI controlled system.
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Figure 4: PI controller data’s load to workspace

For ANFIS training first step are get data (PI controller input
and output) from workspace and select that data’s from
workspace in and out. The out data is copy and paste to in
column of workspace.

PRI e e e e mmee ol

Fraeg g coust

Figure 5: ANFIS training.

After that to load the data’s from workspace and select grid
partition and generate FIS option for give the number of
rules. Member functions are 15 in this paper, input is 1 and
output is 1. To train until reach error is zero and epochs give
nearly 100000 (i.e., Based on the error level).

5. Simulation and Results

Figure 6 shows the simulation diagram of five level diode
clamped multilevel inverter fed BLDC motor. The motor
output speed and reference speed can be compared and that
error signal given input for ANFIS. ANFIS output is
multiplied with the Back EMF. This multiplied signal is
given to reference signal of Sinusoidal pulse width
modulation, based on the reference signal gate pulses
generated and given to Diode clamped multilevel inverter. So
the rotor position is sensed by sensor less technique that is
Back EMF is measured to detect rotor position.
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Figure 6: Simulation diagram for five level diode clamped multilevel inverter fed BLDC motor

Figure 7 shows the cascaded H-Bridge multilevel inverter fed  Interferance System several times to get better result, that is
BLDC motor with ANFIS. This is done by using previously  error is zero. ANFIS simulation file is generated at the end of
simulated PI controller data’s. Train Adaptive Neuro Fuzzy training. Pl controller is replaced by ANFIS.
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Figure 7: Simulation diagram for five level cascaded H-Bridge multilevel inverter fed BLDC motor.
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Figure 8: Simulation diagram for five level diode clamped
multi level inverter
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Figure 9: Simulation diagram of fivelevel cascaded H-
Bridge multilevel inverter.

Figure 8 and 9 shows the simulation diagram of five level
diode clamped multilevel inverter and cascaded H-Bridge
multilevel inverter fed BLDC motor. Figure 10 shows the
speed of BLDC motor, Speed of diode clamped MLI fed
BLDC motor is have more deviation compare to cascaded H-
Bridge MLI fed BLDC motor output speed, here set speed is
2000rpm.
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Figure 10: Output Speed

6. Torque Ripple Calculation

Torque ripple produced in BLDC motor due to freewheeling
of inactive phases and commutation failure. It is affect the
variable speed control of system and smoothness.Torque
ripple can be minimized by two techniques, they are improve
motor designh and motor control schems. Torque ripple is
defined as percentage of difference between maximum
torque(tma:: ) and minimum torque (tm:;,) compared to the
average torque (twg). Equation (14) is used for determine

torque ripple.
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Figure 11: Electromagnetic Torque

Figure 11 shows electromagnetic torque of BLDC motor. Let
us take values from figure 11 for one cycle. For diode
clamped multilevel inverter fed BLDC motor maximum
torque (fgay) IS 20.78, minimum torque (fnn) IS 14.5
,average torque (¢,,,) is 17.64. Substitute above values in
equation (9) to get torque ripple is 35.60%. For cascaded H-
Bridge multilevel inverter fed BLDC motor maximum torque
(tmax ) 1S 11.905, minimum torque (tmin) IS 10.5, average
torque (t.,) Is 11.2025 by substitute these values in
equation (9) to get torque ripple is 12.5418%.

7. Conclution

Torque pulsations in BLDC motor leads to audible noise and
visible vibrations in the high precision applications. In this
paper five level diode clamped multilevel inverter and
cascaded H-Bridge multi level inverter fed BLDC motor
presented and analyzed the torque ripple, Speed. From the
simulation BLDC motor results are analyzed and torque
ripple was calculated for both diode clamped and cascaded
H-Bridge multilevel inverter. From the simulation results
proved that the torque ripple is reduced in cascaded H-Bridge
multilevel inverter is better than diode clamped multilevel
inverter. Also the speed controlled by cascaded H-Bridge
multi level inverter is better than diode clamped multilevel
inverter.
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