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Brushless dc motor still suffers from commutation torque ripple, which
primarily depends on transient line current in the commutation interval. In
order to control the incoming and outgoing phase currents to change at the
same rate during commutation, this paper presents a novel high boost ratio
DC-DC circuit topology in the front end of the inverter. With a suitable
closed loop control scheme, the proposed high boost ratio DC-DC converter
is operated with two different duty ratios one during commutation period and
the other during non commutation period. The cause of commutation ripple
is analyzed, and the way to adjust the duty ratio for obtaining the desired dc
link voltage is introduced in detail. Finally, simulation and experimental

results show that, compared with the existing dc—dc converter topologies, the
proposed method can obtain the desired voltage much faster and minimize
commutation torque ripple more efficiently.
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1. INTRODUCTION

Brushless dc motors (BLDCM) possessing simple structure, high power density, high torque/current
ratio, robustness, and better dynamics have been widely used in all kinds of areas, such as electric vehicles,
robotics, small actuators, industry and automotive electronics [1]-[3]. The performance of such motors has
been significantly improved due to the great development of power converters, magnetic performance of
magnets, and motion control technology in recent years [4]-[6]. However, commutation torque ripple has
always been one major factor in preventing BLDCM from achieving high performance. The causes for torque
ripple in BLDCM are the imperfection of motor design and manufacture, non-ideal EMF and unequal current
sharing between the phases during commutation [7] and [8]. Since torque smoothness is an essential
requirement for such high-performance applications, a wide variety of techniques have been proposed by
many researchers during the past two decades to minimise the torque ripple [9]-[14].

In recent years, multilevel inverters have gained much attention in the application areas of BLDC
motor drives [21]. The problem of imperfection in the motor design is overcome in [13] and [14], wherein
[13] suggests application of Taguchi method in designing the shape of permanent magnets and in [14] a
segmented permanent magnet structure is proposed which significantly reduced the commutation torque
ripple. Some researches [3], [15] — [17] introduced novel power converter topologies and PWM techniques
for controlling the input voltage of the BLDCM drive. In [3], the inverter is operated in 120° mode for lower
speed range of the machine and in 180° mode for higher speed range thereby optimizing the commutation
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torque ripple. In [15], a buck converter is used for reducing the commutation torque ripple at low speed. In
[16], a superliftLuo converter is placed at the input stage of the inverter to produce desired dc link voltage,
and the structure works more effectively under high-speed operating condition, compared with the method
proposed in [15]. However the methods proposed in [15] and [16] suffer from slow voltage adjustment, and
therefore, they can only achieve satisfactory torque pulsation suppression in low- or high-speed regions. This
problem is alleviated in [17], [20] whereby a SEPIC converter with a switch over MOSFET is used to
implement the dc link voltage adjustment. However, the power converter requires a very high direct dc
voltage as input during non-commutation period and another boosted voltage boosted through SEPIC
converter during the commutation period. For such dc voltage adjustment, this circuit requires an additional
switch selection circuit for switching from non commutation period to commutation period.

Use of low voltage input source is preferred over a high voltage source, and hence in the present
paper a high boost ratio dc — dc converter (HBDC) [18] that requires very low dc voltage at the input side is
used. Of the entire high-boost ratio non-isolated DC-DC converter topologies published [19], a combination
of fly-back and boost converter is highly efficient as it increases the boost ratio with lower cost and greater
efficiency [18]. Besides, in the proposed topology, the need of an additional switch selection circuit as used
in [17] is overcome by operating the converter with two different duty ratios one during non-commutation
period, and the other during commutation period. Simulation and experimental results show that compared
with common the dc—dc converter topologies, the proposed converter operated with suitable duty ratio
control can reduce commutation torque ripple significantly.

2. PROPOSED HIGH BOOST RATIO DC-DC CONVERTER AND ITS OPERATION

In the proposed high-boost ratio DC-DC converter [18] shown in Figure.l, HT is a hybrid
transformer with turns ratio 1: n, M; is the MOSFET switch carrying current I;; and Cy, is the input capacitor.
A coupled inductor has been employed in the primary side of the transformer to provide a high step-up ratio
and to reduce the switch voltage stress substantially. D is the clamping diode, which provides current path
for the leakage inductance of the hybrid transformer when M, is OFF. C. is the clamping capacitor which
captures the leakage energy from the hybrid transformer and transfers it to the resonant capacitor C,, which is
connected in series with the hybrid transformer.
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Figure 1. Configuration of BLDCM driving system with a high boost ratio dc-dc converter

The resonant circuit comprises of C., C,, L, and D,whereL; is the resonant inductor which operates
in the resonant mode and D; is the resonant diode which is used to provide a uni-directional current flow path
for the operation of the resonant circuit. The conduction of D, is determined by the state of the active switch
M,, D, is the output diode similar to the coupled-inductor boost converter, Cy is the output capacitor and Ry
is the resistive load. I, is the current of the resonant capacitor C,, I;, is the primary side current of hybrid
transformer and I, is the output diode current.

The steady state topology stages of the proposed DC-DC converter for one switching cycle can be
given in five stages. The explanation of each mode is as follows:

Mode 1: (te<t<ty)

The equivalent circuit corresponding to this mode is shown in Figure. 2 in which the MOSFET M,
is switched ON, the primary side voltage of hybrid transformer is charged to input voltage V;,. C; is charged
by C., which was charged in a previous cycle. The input voltage is reflected on the secondary side of the
hybrid transformer by n-times (nVy,), due to the magnetic coupling between the primary and secondary
windings. The energy stored in the capacitor C, is transferred to C,, which in-turn is transferred to the load
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when MOSFET is turned OFF. The current in MOSFET M, is the sum of the resonant current I, and linear
magnetising inductor current.
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Figure 2. Mode 1 Equivalent circuit

Mode 2: (t;<t<t,)
In this mode, the MOSFET M, is turned OFF as depicted in Figure 3(a) and therefore the clamping

diode D, is turned ON by the leakage energy stored in the hybrid transformer during mode 1. Clamping
capacitor C, is charged during this period. This causes the voltage to be clamped
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Figure 3(a). Equivalent circuit Mode 2

Mode 3: (t,<t<t3)
The clamping capacitor C. is charged to voltage that can forward bias the output diode D,. So the

energy stored in the magnetising inductor and capacitor (C,) is being transferred to the load. The clamp diode
D, continues to conduct while C, remains charged. This process continues until C, gets discharged and the

corresponding equivalent circuit is shown in Figure 3(b).
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Figure 3(b). Equivalent circuit Mode 3
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Mode 4: (tz<t<ty)

When C, gets discharged, the diode D, is reverse based and as a result the energy stored in the
magnetising inductor of the hybrid transformer and the capacitor C, is simultaneously transferred to the load.
During the steady state operation, the charge through C, must satisfy the charge balance. It is observed that
the capacitor operates in hybrid-switching mode (i.e.) by having charged in resonant mode and discharged
linearly and is clear from the equivalent circuit is shown in Figure 3©.

L +

| ws

Cia A

Fill

Figure 3(c). Equivalent circuit Mode 4

Mode 5: (t4< t< to)

The MOSFET M, is turned ON at time t4 and the corresponding equivalent circuit is given in
Figure 4. The output diode current I, continues to flow for a short time due to the leakage effect of the hybrid
transformer. The diode D, will be reverse biased at time ty; the next cycle starts.
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Figure 4. Equivalent circuit Mode 5

3. ANALYSIS OF COMMUTATION TORQUE RIPPLE IN BLDCM

BLDCM conventionally operates in two phase 120c (electrical) conducting mode, and this
conducting mode includes a commutation region and a non commutation region. This paper focuses on the
commutation region, aiming at reducing commutation torque ripple. For the current analysis, it is assumed
that the motor is unsaturated, armature reaction is negligible, stator winding is symmetrical, the resistances
and inductances of the motor windings are constant and the motor exhibits no cogging torque. The voltage
equation for the BLDC motor can be represented by (1) [8] and [17]

) di,
Vg =igR+L ;—i—ea Vo

dib
vy :ibR+L;+eb+vno (1)
) di,
Ve S iR+ L——+e,+vy,
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Where "@"b andve are the phase voltages of the three windings of BLDC motor, fq-ip andicare the phase

currents, eg,e ande, are the trapezoidal back emf, L=L;—M is the equivalent inductance of the phase

windings and R is the resistance of the phase windings.
The torque equation of the BLDCM [17] is

(eqiy +epiy +epis)

@y

Where @, is the speed of the motor.

The presence of inductance elements in the phase windings results in a trapezoidal current waveform
instead of rectangular one. This leads to torque ripple during commutation periods. Before the commutation
interval, the current flows through phase-A to phase-C as shown in Figure 5.(a). After the commutation
interval, the current flows through phase-B to phase C which is shown in Figure 5(b).
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Figure 5(a) Conducting stage of phase-A and Figure 5(b) Conducting stage of phase-B and
phase-C phase-C

For this analysis, the commutation of the current from phase A to phase B is considered. Then the initial
voltage values at the beginning of commutation can be drawn as follows:

At the instant of commutation,
Vo =0; Vp=Vgc; V=0

€= 0; ep=Ep; e.=-Ep

3)
Applying the initial conditions given in (3) to (1) and (2),

) di,
0= zaR+L;+Em +Vio
. dib
Vie = sz+L;+Em Vo

i
0= ICR+L 7_Em +Vn0

! “4)

)
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With the phase resistance neglected in (4), then the rate of change of phase currents can be expressed as

@_—(VdcuEm)

dt 3L

diy 2(VgeEm)

& 3L

di. _(Vdc —4Ey, )

Y (6)

During commutation the torque is obtained as

2E Ve —4Ep
T, = ’”[lm+ < t

@, 3L )
For deriving the rise time of Phase B current consider the Figure. 6a
i i f
ra
| |
"‘JI ! I"" ic
Y
Figure 6(a). V> 4E,, Figure 6(b). Vy.<4E,,
diy _(2VdC—Em)
dt 3L
I =0 (2Vdc_Em) y LIy,
= = =
1
g 3L 2(Vge=Em) ®)
diy —(Vdc +2Em)
dt 3L
0-1,, ~\Vgct+2E 3L1
1y 3L VieT2Em
Related torque ripple is given by
V. —4E
AT =T T, =42 (10)
3L

From (10), it is clear that in order to obtain zero torque,

Ve —4Em =0=|V, =4E,,
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It is known from the aforementioned analysis that by injecting a dc voltage of 4Em during

commutation, it is possible to reduce commutation torque ripple to a larger extent. Hence in the present
paper, by adopting proper control strategy, the duty ratio of the HBDC converter is adjusted such that the
converter provides a dc voltage of 4E,, during the period of commutation.

4. DESIGN OF HIGH BOOST RATIO DC-DC CONVERTER FOR BLDC MOTOR DRIVE
The HBDC is a combination of flyback converter and boost converter as highlighted in Figure 7(a)
and 7(b) respectively.

Figure 7(b). Highlighting the Boost converter

The boost converter output is stored in the clamping capacitor C, and is expressed as in (11)

v, Vl 11
C ~1-p (11)

When the switch is ON, both V(. and the transformer output (leakage inductance) are responsible for
charging of the resonant capacitor C,. The voltage across the resonant capacitor is given by (12)

cr

V, =nV,+V,. (12)

Substituting (11) in (12) gives

1
VC}" :(i’l"r‘leVln (13)

The remaining setup is that of a flyback converter and its output is given by [20]
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1+nD
Vo= 1 p )i (14)

The overall output is the sum of the output of the flyback converter and the voltage across the resonant
capacitor which is in series with it. The effective DC output is

1+nD
Vdc:(l_D ij +VCr (15)

Substituting (13) in (15)

n+2
VdC: 1-=D Vln

Hence the duty ratio is

D:I—(n+2)::i" (16)
dc

As per (10), during commutation it is desired to have Vdc =4Em . Hence during commutation the duty ratio
of HBDC should be adjusted as

D=1-(n+2) 42” (17)
m

5. CONTROL OF HIGH BOOST RATIO DC-DC CONVERTER FED BLDC MOTOR DRIVE
Figure 8 shows the block diagram of the closed loop control system of the BLDC motor.

Current to
HEDC 3 phase Current Voltage
Vin r Converter p=—#| Inverter BLDC Sensor Converter
3
Driver Circuits
Comparator
Hall Sensor Signals
| PWM |
I Control Strategyv I
AMD Converter

dsPIC30F4011

Figure 8. Control system of the BLDC motor

A three-phase motor rated 160W, 48 Vdc, 3000 rpm is fed by a HBDC and six step voltage source
inverter. The inverter gates signals are produced by decoding the Hall Effect signals of the motor. The three-
phase output of the inverter is applied to the BLDC motor stator windings. Two control loops is used. The
inner loop synchronizes the inverter gates signals with the help of Hall sensors. The outer loop compares the
stator current of the motor and regulates to vary the output of the high boost ratio DC-DC Converter by
suitably adjusting the duty ratio of the Converter.
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As mentioned earlier, the torque ripples are prominent during the commutation period. A high
voltage input (4E,,) is to be injected to the inverter during that period [16]. Instead of using two different
converters or an additional voltage source as given in [17], it is advantageous to vary the output of the DC-
DC converter by suitably adjusting the duty ratio of the converter. Hence an arrangement is required to detect
the commutation period of the BLDC motor. Figure 9 shows the control arrangement for detecting the
commutation period.

I Dspic30F4011

Current to
Voltage
Conv erter

1l L3

To Driver

Circuits

Voltage
Drop and —p V=0
Amplifier _D—
TLOS4 =
=0
— >
-

Figure 9. Schematic representing Digital signal controller functionalities

Signals from the Hall sensors and the stator phase currents are given as input to the control scheme
wherein the first stage a current to voltage converter is used. An operational amplifier in comparator mode is
used with one of the inputs grounded. Only during commutation period two of the phases have the same
polarity (owing to the presence of a cross-over between two phases in either polarity), which can be detected
using AND gates. This signal is used to adjust the duty ratio of the converter. The digital logic circuit used in
the control scheme generates HIGH output when commutation occurs and LOW when non-commutation
period.

6. SIMULATION AND EXPERIMENTAL RESULTS

In order to assess the performance of the system with a particular focus on commutation torque
ripple, a Matlab-Simulink based model in time domain has been developed. The output performances are
current, voltage, back- EMF, and the torque variation under steady-state operating conditions.

The simulated and experimental waveform of the BLDCM drive system with the proposed HBDC
converter at 1500 rpm is shown in Figure 10 to Figure 13. The simulated output voltage of the high boost
ratio DC-DC converter is shown in Figure 10(a) and the corresponding experimental waveform is shown in
Figure 10(c). It can be seen that Vdc = 4Em under the appropriate input voltage of the inverter during
commutation period, the torque ripple during commutation is proportional to |V dc — 4E m |, Vdc is closer to
4E m torque pulsation is significantly reduced. The simulated Inverter line to line voltage is shown in Figure.
10(b) and the corresponding experimental waveform is shown in Figure 10(d). It can be seen that the input of
the inverter dc link voltage during commutation period the rising and falling portion of corresponding line
voltage is affected by spikes.

The duty ratio of HBDC is appropriately controlled in order to inject a Vdc of 4Em during
commutation an additional voltage of 160 volts is injected.. In dc link during chopping period the rising and
falling period of corresponding line voltage is affected by spikes. The simulated and experimental results for
stator current of BLDC motor are shown in Figure 11 and Figure 12 respectively. In these, the places marked
with circle shows that the current slopes of incoming and outgoing phases during commutation through the
recommended method are far closer than those without commutation [17]. The spikes of which currents
occurring at the end of commutation get smooth, and the current is much closer to a rectangle.
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Figure 10. The simulated and experimental waveform of the BLDCM drive system; (a). Simulated result for
output voltage of the high boost ratio DC-DC converter. (b) Simulated result for Inverter line to line voltage.
(c) Experimental result for output voltage of the high boost ratio DC-DC converter. (d) Experimental result

for Inverter line to line voltage.
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Figure 11 Stator current of all the three phases of BLDC motor
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Figure 12 . The simulated and experimental of the BLDCM drive system; (a) Experimental result for Stator
phase A current. (b) Experimental result for Stator phase B current. (¢) Experimental result for Stator phase C
current.

Analysis and Implementation of a High Boost Ratio DC-DC Converter for Minimizing ... (M. Senthil Raja)



594 a

ISSN:2088-8694

Though phase current and electromagnetic torque is different, the electromagnetic torque of BLDC
motor is proportional to the phase current, the waveforms of phase current can be treated as the estimated
waveform of the output torque of the motor. Thus from the phase current shape, we can approximate the
output torque shape.The rising current and falling current are matched, and the corresponding duration is
significantly reduced as shown in Figure.11. and Figure.12. Also the non commutated phase current is

almost constant during this period and hence commutation torque ripple is significantly reduced.
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Figure 13 . The simulated and experimental of the BLDCM drive system; (a) Simulated result for upper part
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intersection of Stator Current. (b) Experimental result for upper part intersection of Stator current

IJPEDS Vol. 7, No. 2, June 2016 : 583 — 600



IJPEDS

ISSN: 2088-8694

a 595

Stator current lower part intersection inTa, Ib andTc

..........................................

......................................

Mormal Mo Trig)

0, (.

Peak Dhver
MU S KR ] P
IN02TETH0NS0E

0.15 0.2

Timeinms ——

(@)

(b)

Soplng = Line Filter = Tiemsct
AVG = Freq Filters

teg: H.!".'J;‘L

ok, Co3nny

PSR Frrer

3
Element 1 B

30V

EODNA

Syre Socil]

Element 2 BN
LE2 a0y

LT
Syre STl

Element 3 [
3 3

SO0mA
Syvreo Sec:liE]

Element 4 [T
100y

04

Sy Sec: il
Element b 5
LI GO

104

Sy Sre:fiE]
Element G [
100

1 5
Sy Sre{TE

Figure 14. The simulated and experimental of the BLDCM drive system; (a). Simulated result for upper part
intersection of Stator Current. (b) Experimental result for upper part intersection of Stator current.

The current behaviours with lower part and upper part intersection for simulated and experimental
results are shown in Figure.13 and Figure.14. The slopes of the currents during commutation depend on the
dc link voltage Vdc and the maximum value of back EMF Em. Em is proportional to speed and considered
constant during commutation. Vdc is generally variable due to controllable HBDC converter. Vdc = 4E m
cannot always be satisfied, which leads to significant torque ripples. In the torque ripple analyses during
commutation is proportional to Vdc=4Em, at the commutation to non-commutation interval, the little torque
ripple becomes. In this paper, a new HBDC converter is proposed, which can reduce commutation torque
ripples by keeping V dc close to 4E m during commutation.
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Two back-EMF sensing methods for the PM BLDC motors available in literature, which are direct
and indirect back-EMF detection methods [19]. In direct back-EMF detection methods, its zero crossing is
detected by comparing it with neutral point voltage. It suffers from high common mode voltage and high
frequency noise due to the PWM drive, so it needs low pass filters, and voltage dividers. Indirect back-EMF
detection methods are because filtering introduces commutation delay at high speeds and attenuation causes
reduction in signal sensitivity at low speeds, the speed range is narrowed in direct back-EMF detection
methods. In order to reduce switching noise, the indirect back-EMF detection methods are used [19]. The
indirect back-EMF detection methods namely Back-EMF Integration and Third Harmonic Voltage
Integration. These are found to be complex; hence in this paper a new method called terminal current sensing
(phase current commutation) method has been adopted.

In order to validate the simulation results, and hence to show the effectiveness of the proposed
modelling, an experimental system has been built. This system is composed of a BLDC motor fed through a
three-phase voltage inverter whose inputs are controlled by the proposed HBDC.The details of the motor are
given in the Appendix.

The control and the digital signal functions are as shown in Fig.8 and Fig.9. Output pulses from the
high performance 16-bit digital signal controller dsPIC30F4011 are fed into pulse driver IR2110. The
MOSFETs used in the power circuit are IRF840 with 500V, 8A rating. Figure.15. highlights the components
used in the testing bed. Also, a digital storage oscilloscope has been used for storing the waveforms of the
back emf and phase currents.

Stator Current )ﬁ‘

RSN Terminals

Inverterwith BLDC Motor

Driver circuits

Figure 15. Experimental Setup
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Figure 17(b). Measured Torque with High Boost Ratio DC-DC Converter

Figure 10 to Figure 17 present respectively the simulation and the experimental results of the motor
phase current for a speed of 1500 rpm and it is revealed from these plots the simulated and the experimental
results are very close.

As shown by some researcher presented in [15] - [17], speed response, phase current and torque are
compared between the conventional six-step method and the dc link voltage strategy. In [17] SEPIC
converter is used, and commutational torque ripple is reduced. It can be calculated that the torque ripples
decreases from 48.1% to 19.5%.

In this paper, a novel topology of a High Boost Ratio DC-DC Converter is proposed, figure.17
shows the simulated torque and it can be seen that under the appropriate input voltage fed by the HBDC to
the inverter during commutation, torque pulsation is significantly reduced and the resultant electromagnetic
torque waveform is more uniform compared with electromagnetic obtained in the traditional six-step control
method. It can be calculated that torque ripple decreases from about 48.1%to 10.2%at the rated speed.

7. CONCLUSION

Torque ripple reduction is a necessary requirement for high performance BLDC motor drives. The
phase commutation is one of the major causes of torque ripple generation in a BLDC machine. In this paper,
a high boost ratio DC-DC converter with a very low dc input voltage is proposed in the front end of the
inverter. The DC-DC converter is operated with a suitable control strategy for providing excess voltage from
the same converter during commutation, which enables to drive phase currents to increase and decrease in the
identical slope, resulting in the great reduction of pulsated commutation torque. Experimental results were
presented to validate the simulated results. The results indicate that the proposed approach exhibits improved
performance for reducing the commutation torque ripple.

Appendix

BLDC Motor Rating

DC Voltage =50V
Rated power =120W
Phase resistance =1Q
Phase inductance =1.8mH
Rated speed = 1500 rpm
No of poles =4

Rated Torque =1.2Nm

PWM Switching frequency = 20KHz
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