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Abstract—TIn this paper, based on Cuk converter, a novel commu-
tation torque ripple reduction strategy is proposed for the brushless
DC motor. Output modes (buck-boost mode and boost mode) of
the Cuk converter during the commutation period and normal con-
duction period are altered by designing a mode selection circuit,
which can reduce commutation torque ripple over the entire speed
range. During the commutation period, Cuk converter operates in
the boost mode to step up the input voltage of three-phase bridge
inverter and then meet the voltage demand of commutation pe-
riod, such that the commutation torque ripple can be reduced by
keeping the noncommutated current steady. In order to improve
the utilization rate of the converter, during the normal conduction
period, Cuk converter operates in the buck-boost mode and the
input voltage of three-phase bridge inverter is regulated by adopt-
ing the pulse amplitude modulation (PAM) method without the
inverter pulse width modulation chopping, which can reduce the
voltage spike damage to the motor windings caused by turn-on/off
of MOSFET in the inverter and simplify the program of modulation
method further. The experimental results verify the correctness of
the theory and the effectiveness of the proposed approach.

Index Terms—Brushless DC motor (BLDCM), commutation
torque ripple reduction, Cuk converter, mode selection circuit.

I. INTRODUCTION

RUSHLESS DC motor (BLDCM) has received a great

deal of attention in many industrial applications, owing
to its simple structure, high power density, and high reliabil-
ity [1]-[3]. However, larger commutation torque ripple may
bring about vibration and noise, which restricts its application
in high-precision servo systems. Therefore, commutation torque
ripple reduction is of great significance to expand applications
of BLDCM.
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An original analytical study on commutation torque ripple is
presented in [4], in which it is pointed out that the commuta-
tion torque ripple, which reaches 50% of the average torque,
can be reduced by keeping the noncommutated phase current
steady. Different pulse width modulation (PWM) methods are
adopted to keep the noncommutated phase current steady dur-
ing commutation period in [S]-[12]. In [5]-[9], the motor speed
is divided into high speed and low speed, and different two-
phase modulation methods during the commutation period are
used, respectively, according to different speed ranges. How-
ever, when the motor operates near the switching condition of
high speed and low speed, the frequent switch of the modu-
lation methods caused by speed fluctuation will appear, which
may reduce the stability of the system. Thereby, the three-phase
modulation methods in [10], [11] are used during the commuta-
tion period to maintain the steady noncommutated phase current
over the entire speed range. However, the switch of modulation
methods between the normal conduction period and the com-
mutation period is required, which complicates the modulator
design. In addition, the same two-phase modulation method dur-
ing both the normal conduction period and commutation period
is used to simplify the modulator design in [12], in which the
PWM only applies to the noncommutated phase during com-
mutation period. The commutation torque ripple in low speed
range can be reduced by using the PWM method, whereas when
the motor works at high speed, especially under rated condition,
the PWM method could not effectively reduce the commutation
torque ripple due to finite input voltage of the three-phase bridge
inverter [8], [13], [14].

In order to reduce the commutation torque ripple in high
speed range, a DC-DC converter is introduced to increase the
input voltage of the three-phase bridge inverter in [15] and [16].
Z-source inverter is added in [15], and the required input voltage
of the inverter is obtained by adjusting the duty cycle of shoot-
through vectors to keep noncommutated phase current steady.
However, the input voltage of the inverter is larger than the
power supply voltage during both the normal conduction period
and commutation period. In [16], during the normal conduction
period, the BLDCM is supplied by power voltage and the de-
sired voltage for commutation period is adjusted by the SEPIC
converter. During commutation period, the SEPIC converter is
applied by a switch selection circuit to suppress the commuta-
tion torque ripple. However, the converter is employed only in

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Equivalent circuit of the BLDCM drive system.

commutation period and the effect of commutation torque
ripple suppression depends on dynamic response of the SEPIC
converter.

In the field of commutation torque ripple reduction, there are
still several challenges for the existing methods. In order to avoid
switching modulation methods, the commutation torque ripple
reduction strategy should be applied over the entire speed range.
In addition, the same modulation method should be adopted
during both the normal conduction period and commutation
period. In order to effectively reduce the commutation torque
ripple in the high speed range, the DC-DC converter is required
to step up the input voltage of the three-phase bridge inverter and
meet the voltage demand of commutation period; meanwhile,
the utilization of the DC-DC converter should be enhanced as
far as possible.

Cuk converter as a basic DC-DC converter has advantages
of continuous input and output current and low output volt-
age ripple [17], and it has been used to drive BLDCM [18].
In recent years, the research on Cuk converter mainly concen-
trates in topological theory, PWM technique and control method
[19]-[23]. Cuk converter has three output modes (buck mode,
boost mode, and buck-boost mode), and different modes out-
put different voltages with the same operational principle [24],
which provides the possibility to step up the input voltage of the
three-phase bridge inverter.

In this paper, a mode selection circuit is designed to alter the
output mode of the Cuk converter. During commutation period,
Cuk converter operates in the boost mode and its output volt-
age can meet the voltage demand of commutation period, such
that the commutation torque ripple can be reduced effectively by
keeping the noncommutated phase current steady over the entire
speed range. During the normal conduction period, the Cuk con-
verter operates in the buck—boost mode and the input voltage of
the three-phase bridge inverter is regulated by the PAM method
without the inverter PWM chopping, which can reduce voltage
spike damage to the motor windings caused by turn-on/off of
MOSFET in the inverter, simplify the program of modulation
method and improve the utilization rate of the Cuk converter.

II. ANALYSIS OF COMMUTATION TORQUE RIPPLE FOR BLDCM

The equivalent circuit of the BLDCM drive system with the
assumption of three-phase symmetric stator windings is shown
inFig. 1. Each phase winding can be equivalent to the resistance,
inductance, and back electromotive force (EMF) in series.
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Fig.2. Ideal back-EMFs and ideal phase currents of BLDCM with ON-PWM
modulation method.

The three-phase of BLDCM are

expressed as

terminal voltages

u, = Ri, + L‘g’; + e, + UNo
uy, = Riy, + L + e, + ux, 6]

u. = Ri. —l—L(g; + e. + uno

where u,, uy,, and u. are the terminal voltages of the three-
phase stator windings, 7., i1, and . are the phase currents, e,,
en, and e, are the phase back EMFs, R is the phase resistance, L
is the phase inductance, and uy, is the neutral point voltage of
the motor.

The electromagnetic torque 7, of BLDCM is given by

T - €ala + epip + eclc @)

Wm

where wy, is the rotor mechanical angular velocity.

BLDCM normally operates in the two-phase conduction
mode with six steps commutation, which means only two wind-
ings are energized and the other winding is floating in the normal
conduction period. Fig. 2 illustrates the ideal back EMFs and
ideal phase currents of BLDCM with ON-PWM modulation
method (for example, when phase “a” is a positive phase, MOS-
FET T, inupper-arm of phase “a” is ON in the first 60° electrical
angles and chopping in the latter ones).

Take “a™c™ as an example, where phase “a” is a positive
phase and phase “c” is a negative phase, and then i, = — i,
i, = 0, e, = —e. = E (E is denoted as phase back EMF
amplitude). According to (2), the electromagnetic torque T, ;¢
during the normal conduction period is expressed as

€ala T €nly + €l
Tefnoc = =

Wm

2Ei,

Wm

3
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' A

Fig. 3. Currents of three-phase windings in the commutation process from
“at ¢ to “bT ¢, (a) MOSFET Ty is ON. (b) MOSFET T, is OFF.

During the commutation period, there are currents in all the
three-phase stator windings due to the inductance of the sta-
tor windings, and the actual phase current cannot be a rect-
angular wave shown in Fig. 2. Take the commutation of the
motor from “a®¢™ to “b* ¢ as an example. The back EMFs
are almost constant as the duration of commutation is short,
andthene, = e, = —e. = FE. Based on the Kirchhoft’s law
ia + i, + 2. = 0,according to (2), the electromagnetic torque
Te—com during the commutation period is given by

2Fi,

Wm

€ala + €ply + €eclc
Te—com = =
Wm

“4)

According to (3) and (4), the torque ripple can be reduced
by keeping the noncommutated current ¢, steady, which can be
achieved by the proper PWM method. To avoid switching mod-
ulation methods, the same modulation method is adopted during
both the normal conduction period and commutation period, and
the PWM is applied to the noncommutated phase MOSFET dur-
ing the commutation period. By taking the commutation from
“atc” to “bT ¢ as an example, Fig. 3 shows the currents in
three-phase windings during the commutation period.

As shown in Fig. 3, the outgoing phase current flows through
the freewheeling diode D, and the MOSFET Tj is ON, and the
PWM is applied to the MOSFET Ts,. Ignoring the voltage drop
of the freewheeling diode, the three-phase terminal voltages of
BLDCM during the commutation period are expressed as

0= Ri, + L% + E+ Uy,
U = Riy + L% + E + Uno (5)
(1—d)Uiy = Ric + L% — E + Ux,

where d is the duty cycle of Ty, and Uy, is the input voltage of
three-phase bridge inverter.

5499

L, C L,
N e | R Vo
| _
+ — -
e JH D; WDy C == Ve[| Ziow
E ] "

(b)

Fig. 4. Two output modes of Cuk converter. (a) Cuk converter in buck—boost
mode. (b) Cuk converter in boost mode.

By adding the equations in (5) together and considering ¢, +
i, + i = 0, the average neutral point voltage Uy, can be
derived as
2—d (]in - F
Uxo = % (6)
According to the third equation in (5) and (6), the noncom-
mutated current rate of change is derived as
di. (1 —2d)Ui, + 4E — 3Ri,

dt 3L

By setting (7) as zero to keep the noncommutated current
steady, the duty cycle d can be obtained as
4F — 3i. R

d=0.5+ ST )

According to (8), since 0 < d < 1, d is the upper threshold

1 and di./dt # 0 when 4F — 3i.R > Uj,. In other words,

the commutation torque ripple cannot be effectively reduced in

the high speed range with the finite input voltage of three-phase

bridge inverter. If the input voltage of the inverter satisfies U;,, >

4F — 3i. R during the commutation period, the commutation

torque ripple will be reduced effectively in the high speed range.

(N

III. DIFFERENT OUTPUT MODES OF CUK CONVERTER

The Cuk converter has different output voltages for different
output modes. The Cuk converters in the buck—boost mode and
the boost mode are shown in Fig. 4(a) and (b), respectively.

The operational principle of the Cuk converter is analyzed
as following. The equivalent circuits of the Cuk converter in
the buck—boost mode with T; being ON and OFF are shown
in Fig. 5.

Fig. 5(a) illustrates the equivalent circuit of the Cuk converter
in the buck—boost mode, in which the MOSFET T is ON and
the diode Dg is OFF. Meanwhile, the inductors L; and Ls store
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Fig. 5. The equivalent circuits of the Cuk converter in the buck—boost mode.
(a) MOSFET Ty is ON. (b) MOSFET Ty is OFF.

energy, and we have

di
{L1 i = U

©))

di
Ly = uc1 — uce

where i1,1 and 1,5 are the currents flowing through the inductors
Ly and Lo, respectively, and uc; and uco are the voltages of
the capacitances C; and C respectively.

Fig. 5(b) illustrates the equivalent circuit of the Cuk converter
in the buck-boost mode, in which the MOSFET T+ is OFF and
the diode Dg is ON. Meanwhile, the inductors L; and L- release
energy, and ignoring the voltage drop of the freewheeling diode,
we have

4
Lyt = Uge — uc
Lyt = —yg,

Within a modulation period 75, the average voltages of the

inductors Ly and Lo are both zero. According to (9) and (10),
we have

(10)

Uje 1—d, . — =
{ dLUdL + ( dc)(Udg UCI) 0 (11)

de(Uc1 —Uc2) — (1 —=dc)Uc2 =0
where d. is the duty cycle of the MOSFET Ty, and Uc; and

Ucs are the average voltages of the capacitances Cy and Cj,
respectively. By (11), we have

Ucr = 1245
Uca = d.Uc
From Fig. 5 and (12), the output voltage U, of the Cuk
converter in the buck—boost mode is derived as
d(: Udc
1—d.’
By making a comparison between Fig. 4(a) and (b), it is
known that the two different output modes have the same op-
erational principle. In other words, the formulas (9)—(12) are

12)

Uout1 = Uce = 13)
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also applicable to the Cuk converter in the boost mode, in which
the output voltage U, 2 of the Cuk converter is obtained from
Fig. 4(b) as

Udc
1—d.’

Uout2 = Udc + UC2 = (14)
From the aforesaid analysis, the Cuk converter in different
output modes has the different output voltages with the same
operational principle. Moreover, the output voltage of the Cuk
converter in the boost mode U,» is always larger than the
power supply voltage Uq., which provides the possibility to
step up the input voltage of the three-phase bridge inverter.

IV. PROPOSED STRATEGY TO REDUCE THE COMMUTATION
TORQUE RIPPLE

The Cuk converter can be used to supply power for the
BLDCM as it has two different output voltages with different
output modes, and the commutation torque ripple can be reduced
by altering the output modes of the converter. The block diagram
of the proposed commutation torque ripple reduction strategy in
this paper is presented in Fig. 6, where the control unit contains
the control to alter the output modes of the Cuk converter, the
voltage control of the Cuk converter during the normal conduc-
tion period, the noncommutated phase current stable strategy
during the commutation period, and the detection module. The
control to alter the output modes of the Cuk converter is realized
by a designed mode selection circuit, and during the commu-
tation period the output modes are altered to step up the input
voltage of three-phase bridge inverter and then meet the voltage
demand of commutation period. The voltage control of the Cuk
converter is achieved by adopting the speed and current double
closed-loop control strategy during the normal conduction pe-
riod, which can regulate the input voltage of the inverter to meet
the speed adjustment of the motor. The noncommutated phase
current stable strategy is used to keep the noncommutated phase
current steady and then reduce the commutation torque ripple.
In the detection module, the start of commutation is triggered
by the change of hall signals, and the commutation comes to an
end when the outgoing current reduces to zero.

A. Control to Alter the Output Modes of the Cuk Converter

A mode selection circuit shaded in Fig. 6 is designed to al-
ter the output modes of the converter in this paper. The circuit
consists of MOSFET T, and diode Dg with complementary
conduction state, which can alter the output modes of the Cuk
converter by the turn-on/off of T.. Since the two output modes
are both to supply power for the BLDCM, different input volt-
ages of the inverter U;,, is obtained.

As shown in Fig. 7(a), during the normal conduction period,
Cuk converter operates in the buck—boost mode with MOSFET
T. being OFF and diode Dg being ON. Meanwhile, the Cuk
converter supplies power for the BLDCM via the diode Dg and
the three-phase bridge inverter. Ignoring the voltage drop of
the MOSFET and diode, the input voltage of the inverter U;,, is
expressed as (13).
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Fig. 6. Block diagram of the proposed commutation torque ripple reduction strategy.
L C Ly supplies power for the BLDCM via the MOSFET T, and the
Lrrerc +J| I et three-phase bridge inverter. Ignoring the voltage drop of the
MOSFET and diode, the input voltage of the inverter U, is
+ '— =
Uge "Ij tAD, YDy &= Usn expressed as (14).
i l_ + U‘iﬂ
B. Voltage Control of Cuk Converter During the Normal
fias Conduction Period
Dg ] | .
b ol The demand of the motor speed adjustment can be met by the
@) PWM chopping of the inverter when the power supply voltage
r C g is constant, take a*¢™ as an example. By the first and the third
. S SR . equations of (1), the line voltage of two conducting phases
El - during the normal conduction period u,. can be obtained as
1 (I | oo di
Vs T_TI : D:  ¥Dy G:o= b:,u.:U_ “ Une = Uy — Ue = —2Ric — 2Ld—; + 2E. (15)
Within a modulation period 7§, the phase current 4. is almost
5 { Inverter unchanged, and then the average line voltage of two conducting
T ik phases U, is derived as
®) Upe = Tne = —2Ric +2E = dy Uy, (16)
Fig. 7.  Switch states of T, in the mode selection circuit and the output modes .
of Cuk converter. (a) Cuk converter in the buck—boost mode during the normal where d, is the dmy CyCle of Ty, by (16)’ we have
conduction period. (b) Cuk converter in the boost mode during the commutation .
period. d, = 7_2ch +2E (17)
n .
Ui

As shown in Fig. 7(b), during the commutation period, in
order to step up the input voltage of the inverter and keep
the noncommutated phase current steady, Cuk converter
operates in the boost mode with MOSFET T. being ON
and diode Dg being OFF. Meanwhile, the Cuk converter

Compared with the method in [16], speed regulation can be re-
alized by either PWM chopping of the three-phase inverter with
constant input voltage or PAM control of the Cuk converter
in this paper. When the PAM method is adopted, the voltage
spike caused by turn-on/off of MOSFET in the three-phase in-
verter and the current ripple generated by high-frequency PWM



5502

chopping are both reduced, and the program of the modulation
method is also simplified further [25], [26].

In this paper, during the normal conduction period, the input
voltage of the inverter is regulated by the PAM method of Cuk
converter in the buck—boost mode instead of the PWM chopping
of the inverter, namely, d, = 1 in (17). Under the two-phase
conduction mode with six steps commutation, the input voltage
of the inverter is given by

Uin = Uoputl — 2R |7;n| + 2F (18)

where 7, is noncommutated current. By (13) and (18), the
duty cycle d. of T7; during the normal conduction period is
derived as

_ 2Rl[i,|+2E
"~ Uge +2Rin| +2E°

During the normal conduction period, MOSFET T, is OFF
and Cuk converter is in the buck—boost mode, and the detail
control method can be seen in Fig. 6. The reference speed of
the PI speed controller n* is given by the upper computer and
the rotor speed calculated by three hall sensors is the feedback
of the speed controller. The reference current of the PI current
controller is the output of the speed controller and the feedback
of the current controller is the sampled noncommutated current
i, - Then, the input voltage control of the inverter can be achieved
by adjusting the output duty cycle d,. of the current controller,

de (19)

C. Noncommutated Phase Current Stable Strategy During
Commutation Period

In order to reduce the commutation torque ripple, the MOS-
FET T, in the mode selection circuit turns on and the Cuk
converter operates in the boost mode when the start of com-
mutation is triggered by the change of hall signals. Besides,
the duty cycle of MOSFET T; during the whole commutation
period is the one in a previous modulation period before the
commutation. As shown in Fig. 7(b), the input voltage of the
inverter is represented as

(]in = Uout2 = Uoutl + Udc =2E+2R |in,| + Udc- (20)
Since Uy, > 2E + 2R|i,| (Uq. is the rated voltage) when

the BLDCM operates below rated operation condition, the rela-
tionship Ui, > 4F + 3RJi,| can be satisfied during the com-
mutation period based on (20). In other words, the output volt-
age of the Cuk converter in the boost mode is larger than the
required input voltage of the inverter. According to (8) and (20),
to keep the noncommutated phase current steady, the duty cycle
of MOSFET applied to the noncommutated phase during the

commutation period is derived as
4E 4 3in| R
2(Uqe +2E + 2in| R)”

When the outgoing current reduces to zero, the commutation
comes to an end and the MOSFET T. turns off; meanwhile, the
control strategy of the normal conduction period is resumed.

Fig. 8 illustrates the modulation method of the proposed com-
mutation torque ripple reduction strategy. During the normal
conduction period, MOSFET T, is OFF and Cuk converter is

d= 0.5+ @1
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Fig. 8. Modulation method diagram of the proposed commutation torque
ripple reduction strategy.

in the buck-boost mode. The input voltage of the inverter is
regulated by adopting the speed and current closed-loop control
strategy, which can achieve the speed adjustment of the motor
without the PWM chopping of the inverter. During the commu-
tation period, MOSFET T, is ON and Cuk converter is in the
boost mode. The input voltage of the inverter can meet the volt-
age demand of the commutation period, and the noncommutated
current can be kept steady by adjusting the duty cycle of MOS-
FET applied to the noncommutated phase. When the outgoing
current reduces to zero, the commutation comes to an end and
MOSFET T, turns OFF, meanwhile, the control strategy of the
normal conduction period is resumed.

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The experimental prototype shown in Fig. 9 is built to ver-
ify the correctness of the theory and the effectiveness of the
proposed method.

In the prototype, the core processor is TMS320F28335 pro-
duced by TI Company with 150MHz clock frequency, and the
MOSFET is IRFB4030PbF produced by International Rectifier.
Besides, two current sensors are used to measure the phase cur-
rents i, and ¢,. The basic parameters of the BLDCM and the
Cuk converter are listed in Table I.

The experimental prototype is supplied by an Agilent
N5767A DC source. The experimental results are recorded by
a digital oscilloscope DLM2024 with a logic probe PBL100 to
acquire the switching signals of the three-phase bridge inverter,
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TABLE I
PARAMETERS OF BLDCM AND CUK CONVERTER

Parameters Value Unit
Rated voltage Ux 24 v
Rated power Py 70 w
Rated current Iy 4 A
Rated load T'x 0.23 N-m
Rated speed nx 3000 r/ min
Phase Back EMF coefficient k. 0.028 V/ (rad/ s)
Pairs of poles p 5

Phase resistance R 0.33 Q
Phase inductance L 0.61 mH
Cuk capacitance C' 1100 uF
Cuk capacitance C'y 2200 uF
Cuk inductance L 330 nH
Cuk inductance Lo 330 nH

the driving signal T; of the Cuk converter, and the switching
signal T, of the mode selection circuit. The load of the BLDCM
is provided by a dynamometer that can display the speed of
BLDCM in real time.

By (3) and (4), whether it is the commutation period or the
normal conduction period, the electromagnetic torque is pro-
portional to the noncommutated phase current. Therefore, the
electromagnetic torque ripple can be approximately equivalent
to the noncommutated current ripple, and the current ripple rate
I is defined as

I, — Ihigh - Ilow
t — 5, 5
Thigh + Low

where I, and I, are the maximum and minimum current
over a period of time, respectively.

For comparison, the BLDCM is driven by a voltage-source
inverter with the ON-PWM modulation method in the traditional
strategy, in which the speed and current double closed-loop
control strategy is adopted. To verify the performance of the
proposed strategy under rated operating condition, Fig. 10(a)
and (b) show the experimental results of the traditional strategy
and the proposed strategy with the speed reference value being
3000 r/min and the load torque being 0.23 N-m. Each figure
from top to bottom is mechanical torque, three phase currents,
the input voltage of the inverter U;,, and PWM signals of phase
“a”. For the proposed strategy in this paper, the driving signal
T7 of the Cuk converter and the switching signal T, of the

x 100% (22)
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Fig. 10. Experimental results with the speed being 3000 r/min and the load
being 0.23 N-m. (a) Traditional control strategy. (b) Proposed commutation
torque ripple reduction strategy.

mode selection circuit (high level indicates T. is ON) are also
displayed in Fig. 10(b).

As shown in Fig. 10, significant fluctuation of the noncommu-
tated phase current can be found in the traditional strategy with
Iy being 37.3%, while the remarkable reduction of the non-
commutated current fluctuation can be found in the proposed
strategy with I, being only 7.2%.

The details of the two methods in the commutation process
are shown in Fig. 11(a) and (b), respectively. From Fig. 11(a),
during the commutation period, the finite input voltage of the
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Fig. 11.  Details of experimental results with the speed being 3000 1/ min and

the load being 0.23 N-m during the commutation period. (a) Traditional control
strategy. (b) Proposed commutation torque ripple reduction strategy.

inverter makes the PI current controller saturated in the tradi-
tional strategy, and the duty cycle applied to the MOSFET of
the noncommutated phase reaches the upper threshold 1. From
Fig. 11(b), in the proposed strategy, once the commutation sig-
nal is detected, the MOSFET T, of the mode selection circuit
turns ON and the Cuk converter operates in the boost mode to
step up the input voltage of the inverter. Then, keeping the non-
commutated phase current steady can be achieved by the PWM
applied to the MOSFET of the noncommutated phase.

The torque harmonic causing the vibration in motors is the
main source of noises, and the harmonic analysis of mechanical
torque waveform is made. Fig. 12(a) and (b) show the harmonic
analysis results of the traditional strategy and the proposed
strategy with the speed being 30001/ min and the load torque
being 0.23 N-m.

When the motor operates at 3000 r/min, the fundamental fre-
quency of phase current is f = 3000p/60 = 250 Hz. The torque
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Fig. 12. Harmonic spectra of mechanical torque with the speed being

3000 r/min and the load torque being 0.23 N-m. (a) Traditional method.
(b) Proposed method.

harmonic caused by commutation is integer times of commuta-
tion frequency 6f. From Fig. 12(a), the harmonic component
with integer times of 6f is larger in the traditional method,
where the harmonic amplitudes at 6f and 12f are 0.0142 and
0.0054, respectively. From Fig. 12(b), the harmonic component
with integer times of 6f'is reduced significantly in the proposed
method, where the harmonic amplitudes of 6fand 12fare 0.0044
and 0.0008, respectively. The results show that the proposed
method can effectively suppress the commutation torque ripple.
Fig. 12(b) shows the torque harmonic with 1500 Hz still ex-
ists to some extent, whereas it is caused by the cogging torque
which can be reduced by a reasonable optimization of motor
design. In addition, nonideal EMF has little influence on the
torque harmonic, so it is not considered in this paper.

To verify the performance of the proposed strategy under low-
speed condition, Fig. 13(a) and 13(b) show the experimental
results of the traditional strategy and the proposed strategy with
the speed reference value being 500 r/min and the load torque
being 0.23 N-m.

As shown in Fig. 13, significant fluctuation of the noncom-
mutated phase current can be also found in the traditional
strategy with I;; being 32.6%, while the remarkable reduction
of the noncommutated current fluctuation can be found in the
proposed strategy with I, being only 9.4%. Besides, From
Fig. 13(a) and (b), in the proposed strategy, during the normal
conduction period, the input voltage of the inverter is adjusted
by utilizing the PAM method without PWM chopping of the
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Fig. 13.  Experimental results with the speed being 500 r/min and the load

being 0.23 N-m. (a) Traditional control strategy. (b) Proposed commutation
torque ripple reduction strategy.

inverter, which reduces the high-frequency interference caused
by the turn-on/off of MOSFET in the three-phase bridge
inverter and then achieves the smoother current.

To verify the performance of the proposed strategy under
light load condition, Fig. 14(a) and (b) show the experimental
results of the two methods with the speed reference value being
3000 r/min and the load torque being 0.11 N-m.

As shown in Fig. 14, significant fluctuation of the non-
commutated phase current can be found in the traditional strat-
egy with I being 28.5%, while the remarkable reduction of the
noncommutated current fluctuation can be found in the proposed
strategy with I,; being only 10.7%.

In order to verify the speed response performance of the
proposed method, reference speed n* follows ramp function
during experimental process. Fig. 15(a) and (b) represent the
dynamic response of speed variation and its enlarged vision,
respectively.
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Fig. 14.  Experimental results with the speed being 3000 r/min and the load
being 0.11 N-m. (a) Traditional control strategy. (b) Proposed commutation
torque ripple reduction strategy.

BLDCM operates at 500 r/min with 0.1 N-m load torque
before acceleration. During acceleration process, the refer-
ence speed follows ramp function, and the speed is raised to
30001/ min in 2 s. It can be found from Fig. 15(a) that the out-
put voltage U,,; of the Cuk converter increases along the ramp
during acceleration, and the actual speed of BLDCM n follows
its reference value n* accurately. Experimental results show that
the proposed method has good dynamic performance with speed
variation.

Fig. 15(b) shows the zoom of speed dynamic response. The
results illustrate that the proposed torque ripple reduction strat-
egy can keep the noncommutated phase current steady when
speed varies. That is because back EMF E can be obtained from
motor speed n, and noncommutated phase current ¢, can be
measured by current sensor in the process of acceleration. Thus,
commutation torque ripple can be reduced effectively.

In order to verify the dynamic performance of load torque
change, experiments with load torque change are carried out.
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Fig. 15. Dynamic response of speed variation in the proposed method.
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speed dynamic response.

Fig. 16(a) and (b) show the dynamic response of load torque
change and its enlarged vision, respectively.

BLDCM operates at 30001/ min with 0.11 N-m before the
load torque is abruptly increased. During the experimental pro-
cess, load torque steps up from 0.11 to 0.23 N-m. It can be seen
from Fig. 16(a) that phase current increases with load torque
increasing, and the output voltage U,; of the Cuk converter is
also increased to maintain the motor speed steady. Experimen-
tal results show that the proposed scheme can handle the situ-
ation of load torque change effectively, and has good dynamic
performance.

Fig. 16(b) is the zoom of load torque dynamic response. The
results show that the proposed torque ripple reduction strategy
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can keep the non-commutated phase current steady when load
torque changes. That is because back EMF E can be obtained
from motor speed n, and noncommutated phase current 7,, can
be measured by current sensor in the dynamic process. Thus,
commutation torque ripple can be reduced effectively.

It is noted that MOSFET T, is required to be turned on and
turned off at the beginning and end moment of commutation
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in the proposed method to reduce commutation torque ripple.
Meanwhile, PWM chopping is carried out in commutation pe-
riod. For high-speed BLDCM, common mode noises would be
introduced to some extent. Nevertheless, commutation time is
very short for high-speed BLDCM, so the common mode noises
are limited. In addition, for conditions having strict demands for
common mode noises, the noises can be reduced effectively by
designing EMC [27], [28].

VI. CONCLUSION

This paper proposes a novel commutation torque ripple reduc-
tion strategy of the Cuk converter fed BLDCM. In the proposed
method, during the commutation period, the output modes of the
Cuk converter are altered by the designed mode selection circuit
to step up the input voltage of three-phase bridge inverter, such
that the commutation torque ripple can be reduced by keeping
the noncommutated current steady over the entire speed range.

In conclusion, the proposed approach has the following
advantages:

1) In this paper, the Cuk converter operates in two different
output modes by a designed mode selection circuit and
different input voltages of the three-phase bridge inverter
is obtained, which provides the possibility to step up the
input voltage of the inverter and then meet the voltage
demand of the commutation period.

2) The proposed method can effectively reduce the commu-
tation torque ripple over the entire speed range, which
avoids the switch of modulation methods between high
speed and low speed that may reduce the system stability,
and simplifies the program of modulation method.

3) Since the inverter PWM chopping is not required during
the normal conduction period, the voltage spike damage
to the motor windings caused by turn-on/off of MOSFET
in the inverter is reduced, and the utilization of the Cuk
converter is enhanced.
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