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ABSTRACT

In this paper, an improved interleaved boost converter topology for PMBLDC Motor has been proposed. The
proposed interleaved boost converter topology has been used for 6-switch and 4-switch VSI fed PMBLDC
motor drive and details are presented. The proposed research work has been implemented under
Matlab/Simulink environment and tested for different operating conditions. The performance of 4-switch VSI
fed PMBLDC motor drive compared with the performances of 6-switch VSI fed PMBLDC motor. From the
results, it is observed that 4-switch VSI fed PMBLDC motor performance is superior to 6-switch VSI fed drive
in certain aspects. In some other aspects performance of 6-switch VSI fed drive is superior to 4-switch VSI fed
drive. Merits and demerits of each one of the schemes are investigated thoroughly under different operating

conditions and corresponding results are presented.
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NOMENCLATURES

BLDC- Brushless DC motor
CCM - Continuous Conduction Mode
DCM - Discontinuous Conduction Mode
FSTPI - Four Switch Three Phase Inverter
IBC - Interleaved Boost Converter

PFC - Power Factor Correction
PI - Proportional Integral

SSTPI - Six Switch Three Phase Inverter
ZCS - Zero Current Switching

ZVS - Zero Voltage Switching

1. INTRODUCTION

Brushless DC (BLDC) motors are widely used for
various applications. BLDC motors are having certain
advantageous compared to other contemporary drives
due to more efficiency, higher flux density, less
maintenance cost, lower interference (EMI), rugged
and wide- range of speed control. A typical BLDC
motor consists of three phase concentrated stator
windings and permanent magnet rotor [1]-[2]. Hence,
this motor is called electronically commutated motor
due to electronic commutation based on hall Effect
sensors to sense rotor position of the motor. It is
different from conventional DC motor due to absence
of mechanical brushes and commutated assembly.
The conventional control scheme of BLDC motor
draws currents from ac mains it may contain

harmonics, in order to minimize the effect of
harmonics on the performance of the BLDC Motor,
there some control schemes proposed by some
researchers. Normally, the power factor of the BLDC
Motor is low. In order to achieve higher power factor,
power factor correction converter are proposed for
BLDC motor[3]-[4]. Generally hysteresis current
control technique is employed to produce gate pluses
for inverter switches of the BLDC Motor drive. In the
hysteresis current control technique, actual motor
currents controlled to follow rectangular reference
currents[5].The BLDC Motor drive is becoming
popular for variable speed applications, in that aspect,
there are some speed control methods of BLDC motor
proposed in [6]-[7],where PI controller is used as a
speed controller, of course the PI controller can be
implemented easily because of its simplicity. The
necessity of speed control of a drive is to maintain the
speed of the motor drive at its desired value and
making the speed independent of the load of the
motor and to make it less sensitive to external
disturbances [8]-[9].

The main disadvantage of BLDC motor drive is
high torque ripple. There are different methods which
are available in the literature for torque ripple
minimization of BLDC motor drives. But there is
always a scope to carry out further research on torque
ripple minimization of the BLDC motor.

In this paper, an interleaved boost converter
topology has been proposed to minimize the torque
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ripple of BLDC motor by controlling the dc link
voltage of 3-phase voltage source inverter of the
BLDC motor. Further, in this paper a 4-switch VSI
for BLDC motor has been proposed and comparison
is also made between 4-switch VSI and 6-switch VSI
fed BLDC Motor drive. Merits and demerits of each
control scheme have been investigated thoroughly.

2. DESCRIPTION OF INTERLEAVED BOOST
CONVERTER FOR VSI FED PMBLDC
MOTOR
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Figure 1 Proposed interleaved boost converter for BLDC
Motor drive
Figure 1 shows the circuit diagram of the proposed
Interleaved Boost Converter, it consists of inductor
L;, capacitor C,, which is the resonance elements
along with Cg, Cg which represent the parasitic
capacitances. Resonance occurs with the help of
auxiliary switch. The components of interleaved boost
converter are given in Table-1. The proposed
interleaved boost converter gives high voltage gain; it
is a combination of two 2- phase interleaved boost
converters. For the figure 1, from KVL, voltage
equation is given by equation (1)
Vo =V +Vg =V, (1)
Where, Vs = Supply voltage, V,= Output voltage,
Vsa = Voltage across Capacitor “Cs,”,
V & = Voltage across Capacitor “Cg” ,
V,, =Input voltage

Voltage gain (G) for the proposed interleaved boost
converter is given by equation (2)

G-Yo_1+4D 2
V. 1-D

Where D = Duty cycle

In the proposed high voltage gain interleaved DC

boost converter, there is a considerable reduction in

input current ripple and inductor size. The output
voltage ripple of the circuit depends on the size of
capacitor. The proposed converter will be operated in
Continuous Conduction Mode (CCM). Inductance
and capacitance values can be selected from the
equations (3) and (4).

L _ DV
4Al, T, )
— D Iout
2AVbus fS 4)
Table -1
Input Voltage Vin 100V
Duty Cycle D >50%
Out Put Voltage Vo 265V
Output Current Io (0.5-1.5)A
Output Power Py (200-600)W
Switching Frequency f S0KHz
Boost Inductor Liand L, 2.4mH
Output Capacitor Co 470uF
Resonant Inductor L. 10mH
Resonant Capacitor C 1.5nF

Parameters of the Interleaved Boost Converter

Where, Al,.= Maximum current ripple
AVpus = Output voltage ripple

Ioute = Output current,

fs = Switching frequency for the proposed
converter
The main advantage of the proposed interleaved boost
converter topology is that it changes from a second
order
system to first order system when the mode of
operation changes from CCM to DCM. This feature is
not present in the earlier interleaved boost converter
topologies.

2.1. Modes of operation with D >50%

Figure 2 shows the related waveforms for the duty
cycle greater than 50% for various modes of
operation. The operation of the proposed interleaved
boost converter is divided into seven modes. The
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following are the various assumptions made:

1. The diode switches are ideal,

2. Inductor, capacitors are assumed to be lossless. The
inductors L1, L, are identical. The duty cycle of main
switches S, and Sy are same.

Mode-1 [to-t1]

Equivalent circuit of mode-1 operation is shown in
figure 3(a) in mode-1, S, Sy, Sc are switched ON and
the rectifier diodes D, and Dy and clamped diode D
are turned OFF. The main switch currents I and Iy,
are less than zero. The current through S,, Sp, Sc are
zero or less than zero at the end of the previous mode
ends. If equation (5) is satisfied, Sy’ exhibits ZCS
characteristics at t=t; if the condition in (6) can be
met. The interval time toicurrent through resonant
Inductor is give by
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Figure 2 Related waveforms (D > 50%)
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Figure 3(a) Equivalent circuit for Mode-1[to-t1]

t, = (D, -0.5)T )

() = (),
L (6)
C, +C,
D 3

Mode 2 [t1 —t2]
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Figure 3(b) Equivalent circuit for Mode-2[t1-t2]

In this figure 3(b) in mode-2, the energy stored in
resonant inductor L, ,is transferred to output load by
clamped diode D; because the ‘S; © (auxiliary switch)
is switched OFF, the resonant inductor energy is
transported to load with the help of clamped diode
‘Dy’. The current through L, gradually decreases to
zero and the D, are switched off at time instant t =
t2.The interval time ti,0f this mode given by

t, =—"1, (7

D ‘J/ / n\\
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Mode 3 [tz —t3]

In this figure 3(c) in mode-3 the energy transfer takes
place between L, and L, C; and also between C, and LR TR YO
Cs .The ‘D’ retains its pervious switching state and " “ ﬁ /N
‘Dy’ is turned ON, when voltage across main switch A ‘ “/ \
(rectifier diode),” Vs and the voltage across resonant s Thee j “
capacitor, ‘V,’,’C’ is constant gradually increase to Phese S
output voltage at time instant t=t; The resonant : Jn s

1 1 \\ /’J \\/ \
inductor current is r ’L h \_/ \ Q
\

. CC ... | C+C, . IC Wa A
Lr -V S t+ X ISP
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Where C=C,+C Figure 3(d) Equivalent circuit for Mode-4[ts-t4]
The resonant time t23 is Mode 5 [ts —ts]
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iiinlioe el
L \ ") In this figure 3(e) in mode-5 the stored inductor
\/ energy is transported to the load through D;.At time
Figure 3(c) Equivalent circuit for Mode-3[tx-ts] instant ts D, is turned is switched OFF, S; is switched

ON. From figure5 (b), simplified waveform, the

Mode 4 [t3—t4] interval time t45 and resonant inductor current are

t;s =057 —ty, =D, T (11)
In this figure 3(d) in mode-4 after t3, parasitic
capacitor Cy of the auxiliary switch is linearly . .
changed by I1,-Ip to V, At ty, clamped diode is turned I, (t5 ) =1, (t4 ) (12)
ON. The interval time t34 in this mode is given by
t, e (10)
|L2 o I0
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Mode 6 [t5 —t¢]
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Figure 3(f-a) Equivalent circuit for Mode- 6 [ts —ta]

In this figure 3(f-b) in mode-6(f-a) the current through
L, increase linearly till. it is equal to the current
through L,. The current through rectifier diode Dy
diminishes to zero at t=t,, and Dy, is switched OFF.
The interval time ts4 is given by

I
t,, = \ﬁ L, (13)
figure mode-6(f-b)In the interval ta-ts e Iir
gradually increase to peak value and Vg, reduces
to zero due parasitic capacitances. The Dy, of S
are switched ON at time instant ts. The interval
time tea is

w T
t,=—==—,JL(C,+C
6a 2W1 2\/ r( sh r) (14)

And the interval time ts¢ is

I
t56:t5a+t6azvo L 412[\/ LGt s
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Figure 3(g) Equivalent circuit for Mode-7 [ts —t7]

In this figure 3(g) in mode-7 when V=0 and V. =0,
Dy, is switched ON. In this mode resonant inductor is
realised using constant current source. We have I, ,
I< 0 if I, at time te=Ir, time t> Iiy . Under ZCS
condition, S, can be switched OFF. Due to Condition
of Dgb, Sp reaches ZVS condition.

The interval time during the mode is

t, =0.5T —t,, (16)

During zero-current switching conditions are

Wi, (t>=iu(ta)+\[—°z i ()
\/ (C,, +C )

17)
2) Drc, T>ts6

2.2 Voltage Ratio Of D > 50% Mode

The related waveforms with D >50% are shown
in the simplified form in figure 4. The duty
cycles of the main switches are equal D, T and
D,T.The current through boost inductor when
switched ON is given by
. V. D,+D

ZAIUZ |nx( it rv)T

sa=on L]

Similarly, the current when switched OFF

(18)

ZAiu _ (Vi -Vo) x[1-(D,+ D, +2Dw)]-|- (19)

sa=0ff L]

Conversion ratio is given by
Vo 1 20)
Vin 1'(]:)l'i_Drv)

Vsa.r:q
— 1 T
| DT 1,
| » II. |
Va.es |+ DT | —> DT t
rcT<_

vsr-GS 1

iL1

Figure 4 Simplified waveform D>50%

2.3. Calculation Of The Boost Inductors And
Output Capacitor

The output capacitor is a high voltage bulk capacitor
(490pF, 290V). Their considerations can refer to the
minimum boost inductor when p~5q0;

Lmin/l—=|-|0|’|z=(q +DN)HJ;(D +D)IR

S

=2.4Mh
2.4. CONTROL STRATEGY FOR
INTERLEAVED BOOST CONVERTER

21)

The main aim of control scheme of interleaved
boost converter is to produce gate pulses for the
converter switches. The gate pulses are
generated by comparing the actual dc link
voltage of the converter with its reference value.
Reference voltage Vg is obtained by
multiplying the reference speed(w*) with the
motor’s voltage constant (K,) as follows

¥

V=KW’ (22)
And error voltage (V,) is obtained is:
V, (K) =V (K)" =V (K) (23)

Where “K” is the Ky sampling instance. Then the
error voltage Ve is fed to a voltage proportional
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integral (PI) controller to generate controlled output
voltage (V. ).
which can be expressed as follows

VL (K) =2V (K-D)-HM-VUK-D +HKVU(K) (24)

Where K, and K, are proportional and integral

gains of the PI controller. Finally, PWM gate signals
are generated by comparing the output of the PI

controller (VCC) with the high frequency sawtooth

signal (Aq) for the interleaved boost converter
switches S,and S; and S,

For
if4;« V, then § =" ON'

Vi 2 0 If A3= V,, then EF_=‘ OFF' (25)
If &= ¥, then §, = *EI'N*V
fA;= V, then 8, =" ON'

Vig = 0 qIf Ay V,, then § =' gFF’ (26)

If &g« V_ then §,=' ON
The interleaved boost converter is operating in CCM,;
therefore, the input current shaping is in phase with
the supply voltage that means inherently unity power
factor is achieved with ac mains.

3. COMPARISON BETWEEN 4-SWITCH AND
6-SWITCH VSI FED BLDC MOTOR

3.1 6-switch VSI fed BLDC motor drive

Figure 5 shows the block diagram of Interleaved
Boost Converter based VSI fed BLDC motor with 6
switch VSI configuration. There are two control
loops, one is the speed control loop which is outer
loop and another one is inner current loop. The speed
error is obtained by comparing the actual speed with
the desired reference speed. The speed error is fed to
the PI voltage controller to obtain the reference dc
link voltage and compared with actual value to
produce the current. Gate pulses are obtained for 6-
switch VSI through hysteresis current control

technique. As we know that torque ripple of BLDC
motor drive is mainly depends on speed and phase
current during commutation. The commonly used
commutation in 3 phase BLDC motor is the six-step,
in which each phase voltage is energized for interval
of 120° electrical according to the rotor electrical
position. In this paper, a new circuit topology to
achieve dc link voltage control has been proposed to
keep phase current changing at the same rate during
commutation. The desired commutation voltage
accomplished by the interleaved boost converter. The
specifications of PMBLDC Motor are given in Table-
2.

Table -2
Parameters of BLDC Motor
Stator Rs 2.850Q2
resistances/Phase
Stator L 8.5mH
inductance/Phase
Voltage Constant Ky 146.6077
(V_peak L-L/
krpm)
Torque Constant K¢ 1.4(N.m/
A peak)
Back EMF Ep 120Volt
Pole pairs P 4
Friction factor B IN.ms
Inertia In 1.2kg.m?
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Figure 5 Interleaved Boost Converter with six switch three phase VSI fed PMBLDC Motor

The three phase voltage equations of BLDC Motor

Where T; = Load torque ,
are as follows

di B = Damping constant ,
V,=Ri,+L—"+e, +V,, J=Moment of inertia of motor and load
dt (27) For six- step motor control, at each step the

. di - . . .
V, =Ri, +L T, e, +V, instantaneous 01'1tput .power \.Nlll.be will delivered
t (28) from two phase in series, and is given by
dl PO = a)mTe = 2Vmax I m
V., =Ri +L—S+e, +V, (32)
(29)

Where ‘I’ is the current amplitude and E is the
induced Back EMF .From (30) and (32),the output
torque can be also be expressed as

Due to the interaction of the current in stator winding

and the magnetic field from rotor magnets, the

lectromagnetic tor f BLDC motor pr -
electromagnetic torque o C motor produced as T, =2K.T, (33)
follows: :
. . . Where,Kt is the motor torque constant.The three
e, +e, +e. : .
T, = aa cce phase voltage equations can be rewritten as

W, (30)

Where Wm is the mechanical speed of the rotor

0=Ri, +L di +e, +V,,

(34)
.The equation of motion is given by

aw, T, -T,-BW_
dt J (31)
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di
V, =Ri, + Ld_tb+eb +V,,

(35)
o di
0=Ri, +L—+e +V,
dt (36)
1
Vno = (Vdc - Vmax)
3 (37)
T = e,l, +e,i, +e., _ 21V
: W, W, (38)
% _ Vdc + 2Vmax
dt 3 LS (39)
% _ 2’(\/dc + 2Vmax)
dt 3 LS (40)
% _ Vdc - 4Vmax
dt 3L, 1)

The time taken for i, to from the initial value
Imis
_ 3L1,
LV 2V, (42)
The time taken for iy to increase from 0 to I,
is

3L

Ss'm

tt=—""—"—"—"—
2 (\/dc - Vmax )
Accordingto(34)(42),andi,tip+ic—=0,during

(43)

commutation, the electromagnetic torque can be
calculated as

2V vV -4V
Te — max (I m + ( max max )
W, 3L, (44)
The relative torque ripple is given by
vV -4
ATe = Te - Te— pre( e — )t
3L, (45)

According to (33) and (41)-(44),the following

conclusion can be drawn

1.If V4>4Vmax, then ti>t,, and the torque keeps
increasing during commutation .

2. If V4c>4Vmax, then t<tp, and the torque keeps
decreasing during commutation.

3.If V4c>4Vmax, then t1<ty, and the torque is
constant during commutation .

3.4. 4-switch VSI fed BLDC motor

Figure 6 show the interleaved boost converter
based 4-switch VSI fed PMBLDC motor drive. Here,
the 6- switch voltage source inverter is replaced by 4-
switch voltage source inverter to reduce number of
switches which reduces switching losses as numbers
of switches are less. The remaining part of the
diagram shown in figure 5 is same. By reducing the
number of switches from 6 to 4 in VSI, the
requirement of the dc link voltage gets reduced.
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Figure 6 Interleaved Boost Converter based 4- switch three phase VSI fed PMBLDC Motor

4. RESULTS AND DISCUSSION

The proposed work has been implemented under
Matlab/Simulink environment and
corresponding results are presented for both 6-
switch VSI fed BLDC motor and 4-switch VSI
fed BLDC motor. Results are taken for different
load torques and speed conditions and relevant
waveforms are presented from figure 7 to figure
10. figure 7 shows the performance Analysis of 6-
Switch and 4-switch VSI fed PMBLDC Motor for
Ti=2N-m and 1000rpm, figure 8 shows the
performance Analysis of 6-Switch and 4- switch
VSI fed PMBLDC Motor for Ti=5N-m and
1000rpm.figure 9 shows the performance
Analysis of 6-Switch and 4-switch VSI fed
PMBLDC

Motor for Ti=2N-m and change of speed from
500 rpm to 1000rpm and figure 10 shows the
performance Analysis of 6-Switch and 4-switch
VSI fed PMBLDC Motor for Ty=5N-m and
change of speed from 500 rpm to 1000rpm
respectively. Fromm all the waveforms, it is
noticed that the dynamic performance of 6-
switch VSI fed BLDC Motor is superior to 4-
switch VSI fed BLDC motor because of more
power with large dc link voltage support from 6-
switch VSI. As per as the torque ripple is
concerned, 4-switch VSI fed BLDC Motor is
superior to 6-switch VSI fed BLDC motor
because of less requirement of dc link voltage
which is responsible in control of torque ripple
of BLDC motor. The same is noticed in all the
figures from 7 to 10 under all operating
conditions.

3939



Journal of Theoretical and Applied Information Technology

315! August 2017. Vol.95. No.16
© 2005 - Ongoing JATIT & LLS

S#

Clatill

ISSN: 1992-8645

www.jatit.org

E-ISSN: 1817-3195

Te(N-m)

Te(N-m)

0.5

4 ‘ ‘ ‘ :
| | | |
| | | |
| | | |
o
oLk R — R — | ‘I‘\ TI Jl‘ ||‘| i i \’\, 0 ‘."‘ I \’\, "‘ll
| | |
| | |
| | | |
| | | |
oL - it i il m i i il i ‘I“ i il .“. h ,,,,,,, : ,,,,,, _
| | | |
l l l l
| I I S S ~
| | | |
| | | |
l l l l
| | | |
-4 I I | I
0 0.1 0.2 0.3 0.4
Time(Secs)
Figure7(a) Motor torque response of 6-switch VSI fed drive with load torque, TL=2Nm
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Figur7(b)Motor torque response of 4- switch VSI fed drive with load torque, TL=2N-m
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Figure7(c)Stator current response of 6-switch VSI fed drive with load torque, TL=2N-m
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Figure7(d) Stator current response of 4- switch VSI fed drive with load torque, TL=2N-m
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Figure 7(e) Speed response of 6-switch VSI fed drive with load torque, TL=2N-m
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Figure 7(f) Speed response of 4- switch VSI fed drive with load torque, TL=2N-m

Figure 7 Performance Analysis of 6-Switch and 4-switch VSI fed PMBLDC Motor for T.=2N-m and 1000rpm
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Figure8(a) Motor torque response of 6-switch VSI fed drive with load torque, TL=5N-m
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Figure 8(b) Motor torque response of 4- switch VSI fed drive with load torque, T.=5N-m
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Figure8(c) Stator current response of 6-switch VSI fed drive with load torque, TL=5N-m
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Figure8(d) Stator current response of 4- switch VSI fed drive with load torque, TL=5N-m

1200

1000

800

600

Nr(Rpm)

400

200

Time(Secs)
Figure 8 (e) Speed response of 6-switch VSI fed drive with load torque, TL=5N-m
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Figure 8(f) Speed response of 4- switch VSI fed drive with load torque, TL=5N-m

Figure 8 Performance Analysis of 6-Switch and 4- switch VSI fed PMBLDC Motor for TL=5N-m and 1000rpm
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Figure 9(a) Motor torque response of 6-switch VSI fed drive with TL= 2N-m and change of speed
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Figure9 (b) Motor torque response of 4- switch VSI fed drive with T=2N-m and change of speed
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Figure9(c) Stator current response of 6-switch VSI fed drive with TL=2N-m and change of speed

3944



Journal of Theoretical and Applied Information Technology g
318 August 2017. Vol.95. No.16

© 2005 - Ongoing JATIT & LLS SATIT
ISSN: 1992-8645 www.jatit.org E-ISSN: 1817-3195

Stator Current(Amps)

-4

Time(Secs)
Figure 9(d) Stator current response of4- switch VSI fed drive with T.=2N-m and change of speed

1200

1000

800

600

Nr(Rpm)

400

200

0

0] 0.1 0.2 0.3 0.4 0.5
Time(Secs)
Figure 9(e) Speed response of 6-switch VSI fed drive with T.=2N-m and change of speed
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Figure 9(f) Speed response of 4- switch VSI fed drive with T.= 2N-m and change of speed

Figure 9 Performance Analysis of 6-Switch and 4-switch VSI fed PMBLDC Motor for T.=2N-m and change of speed
from 500 rpm to 1000rpm
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Figure 10(a) Motor torque response of 6-switch VSI fed drive with T.=5N-m and change of speed
10 77777777 T — - — — — — - 1T T - - - - -
| |
| |
| |
| |
|

Te(Nm)
@]

-10

(0] 0.1 0.2 0.3 0.4 0.5
Time(Secs)

Figure 10(b) Motor torque response of 4- switch VSI fed drive with T.=5N-m and change of speed
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Figure 10(c) Stator current response of 6-switch VSI fed drive with TL=5N-m and change of speed

3946



Journal of Theoretical and Applied Information Technology =~

318 August 2017. Vol.95. No.16 S
© 2005 - Ongoing JATIT & LLS SATIT
ISSN: 1992-8645 www.jatit.org E-ISSN: 1817-3195

Stator Current(Amps)

-6

0 0.1 0.2 0.3
Time(Secs)

Figure 10(d) Stator current response of 4-switch VSI fed drive with T.=5N-m and change of speed
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Figure10(e) Speed response of 6-switch VSI fed drive with T.=5N-m and change of speed
2500 :

2000 - -

1500 |~~~

Nr(Rom)

|
:
|
1000 -------"----- -t :
|
[
[

| |
l l
| |
500 e
| |
| |
| |
1 1

0

0 0.1 0.2 0.3 0.4 0.5
Time(Secs)

Figure 10(f) Speed response of 4- switch VSI fed drive with T.=5N-m and change of speed

Figure 10 Performance Analysis of 6-Switch and 4-switch VSI fed PMBLDC Motor for T.=5N-m and change of speed
from 500 rpm to 1000rpm
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5. CONCLUSION

In this paper, comparison has been made between
interleaved boost converter based 6-switch and 4-
switch VSI fed PMBLDC motor drive. The
performance evaluation of the proposed work is
investigated under different operating conditions.
From the results, it is observed that transient
performance of 6-switch VSI fed PMBLDC motor
drive is superior to 4-switch VSI fed PMBLDC motor
drive but its steady state response is poor. As for as
torque ripple minimization is concerned, the 4-switch
VSI fed PMBLDC motor is better compared to 6-
switch VSI fed BLDC motor because of less
requirement of dc link voltage for 4-switch VSI. The
torque ripple depends on dc link voltage of VSI.
Number of switches are less in 4 —switch VSI, so,
switching losses are also very less.
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