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ABSTRACT There exists torque ripple in the commutation process of brushless DCmotor (BLDCM), which
seriously restricts its application in the high-performance field. This paper proposes an auxiliary step-up
circuit to suppress the commutation torque ripple of BLDCM, and the auxiliary step-up circuit consists of
a transformer, a capacitor and a switch circuit. For effective suppression of the commutation torque ripple,
the capacitor is charged in the non-commutation period.When the commutation occurs, the charged capacitor
is added on the power source through a switch circuit to step up the dc-bus voltage in the commutation period,
and the three-phase inverter is regulated to make the motor’s input voltage is equal to four times the back
electromotive force (back EMF) amplitude. The auxiliary step-up circuit only transfers partial power required
in the commutation process of the motor, and the capacity of the power components is reduced accordingly.
The inductive energy stored in the transformer is returned to the power source in each switching cycle, which
improves the energy utilization rate. In addition, this method can also shorten the commutation time. The
validity and effectiveness of the proposed method is verified through experimental results.

INDEX TERMS Brushless DC motor, commutation torque ripple, dc-bus voltage, commutation time.

I. INTRODUCTION
Brushless DC motor (BLDCM) is often one of the candidates
for motion control due to the advantages of high efficiency,
better reliability and lower maintenance cost [1], [2]. Com-
pared with SPMSM, BLDCM has higher power density and
lower cost. However, it causes larger torque ripple due to
the inherent structure and specific supply mode [3]–[5]. The
commutation torque ripple caused by the structure charac-
teristics and the control strategy might generate mechanical
vibration and noise. The maximum relative torque ripple
reaches up to 50% of the average torque in the high-speed
range [6], which have already restricted the applications in the
high-performance field significantly. Therefore, the torque
ripple reduction is important to improve the motor perfor-
mance [7]. Up to now, the research on the suppression of the
commutation torque ripple has attracted extensive attention
over the past decades [8], [1].

Recently, suppression strategies for the commutation
torque ripple have been widely investigated. Among various
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control methods, they can mainly be divided into three types
according to the control variables. The first method is based
on the current control. In [9], a suppression technique of the
commutation torque ripple with a single DC current sensor
is proposed. In this method, the torque ripple is decreased by
equalizing the mismatched slopes of the incoming and outgo-
ing phase currents during the commutation period. The con-
trol method combined with PWM_ON_PWM is proposed to
suppress the commutation torque ripple in [10], and the effect
of the diode freewheeling on the torque is considered. In [11],
the authors propose a three-segment modulation method to
eliminate the torque ripple. In this method, each PWM period
is divided in three separate parts during the commutation
period, which makes the commutation time controllable.
A current optimization control method is proposed to reduce
the torque ripple in [12], where the integral variable structure
control is used to improve the robustness of the controller.
In [13], the PWM theme is applied to the non-commutation
phase during the commutation period, and the torque ripple
is compensated by equalizing the disturbed average voltage
of the non-commutated phase before and after commutation.
The finite-state model predictive control is also introduced
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to minimize the torque ripple in [14], and the optimal con-
duction state of the next cycle is obtained directly from the
cost function which accelerates the dynamic response. The
coordinate transformation is proposed to reduce the com-
mutation torque ripple in [15]. In [16], the harmonic cur-
rent injection and sliding mode control are jointly used to
control the torque. The experimental results show that the
method has the favorable dynamic performance and strong
robustness.

The second method involves using the torque as the control
variable. In [17], the PWM strategy based on the actual
back EMF is employed to keep the average torque con-
stant during the normal conduction and the commutation
period, and the effect of the limited dc-bus voltage is also
considered. In [18], an improved direct torque controller is
designed to attenuate the torque ripple, and the operation
mode in the commutation period is adaptively determined
by the torque difference, which improves the dynamic char-
acteristic of the torque. In [19], a sensorless direct torque
control (DTC) method is proposed for saliency BLDCM.
In this method, the stator current estimator and phase-locked
loop are used to estimate the electromagnetic torque. The
operation performance and the robustness to load variation
are improved, and the stable minimum speed reaches as
low as 33r/min. In terms of the characteristic of the field-
oriented control and DTC, a hybrid control scheme is pro-
posed for sensorless BLDCM in [20]. The proposed method
has strong robustness against parameter uncertainties and is
applicable in a wide speed range. In [21], two switching
tables composed of the main vector and auxiliary vector are
constructed depending on the torque slope, and the torque
ripple caused by both the nonideal back EMF and current
commutation are effectively mitigated with the combination
of the two types of vectors. In [22], a single-cycle torque con-
trol algorithm is proposed to suppress the torque ripple of the
motor. In this study, the unit cycle power is used as the feed-
back torque to make the average torque follow the reference
torque, which suppresses the torque ripple and reduces the
complexity of hardware implementation. The commutation
torque ripple generated in the high-speed range is effectively
reduced with the suppression methods above, but the unfa-
vorable commutation time is extended due to the fixed dc-bus
voltage.

The third method is to adjust the dc-bus voltage of the
commutation period. To suppress the commutation torque
ripple, various DC/DC converters are also introduced to
obtain the desirable dc-bus voltage for suppression of the
commutation torque ripple. In [23], a buck converter is added
in front of the three-phase inverter. The regulation func-
tion of the dc-bus voltage is achieved by controlling the
duty cycle of the converter. The proposed method works
well in the low-speed range. The authors in [24] propose a
voltage regulating circuit combining the H-bridge and the
LRC circuit for a single-phase BLDC motor. The results
show that the acoustic noise and the commutation torque
ripple are obviously weakened. In [25], the dc-bus voltage is

regulated by the power source in the non-commutation period
and is switched to a single-ended primary inductor con-
verter (SEPIC) in the commutation period. With this switch-
ing method, the torque ripple produced in the commutation
period is effectively reduced. In [26], the modified SEPIC
converter and a three-level neutral-point-clamped inverter are
combined to regulate the dc-bus voltage. With the mixed
structure, the resultant torque ripple is mitigated and the har-
monic components are further lowered. The Z-source inverter
is also applied in [27], where the commutation torque ripple is
eliminated by regulating the shoot-through vector and active
vector duty cycles, and the results show that the torque ripple
is reduced by about 10%. The control strategy with a quasi-Z
source net is also designed to obtain the adjustable com-
mutation voltage in [28]. A non-inductive voltage regulating
structure is presented to control the dc-link voltage in [29].
The proposed structure can suppress the commutation torque
ripple and is applicable in a wide speed range. In [30], the two
modes of a Cuk converter is adopted to regulate the dc-bus
voltage in the non-commutation and commutation period,
respectively. The proposed method reduces the commutation
torque ripple and the voltage spike damage to the motor
windings. The previous methods reduce the commutation
torque ripple and shorten the commutation time. However,
the DC/DC converters deliver the entire power in the commu-
tation period, which increases the rated capacity of the power
components and reduces reliability of electronic device.

In this paper, a suppression method based on an aux-
iliary step-up circuit is proposed to reduce the commuta-
tion torque ripple for BLDCM drive system. The auxiliary
step-up circuit is composed of a capacitor, a transformer and
a switch circuit. For effective suppression of the commutation
toque ripple, the capacitor charged in the non-commutation
period is connected in series with the power source to boost
the dc-bus voltage, and then the dc-bus voltage is regu-
lated by the three-phase inverter to meet the input voltage
requirement of the motor. Compared the method based on
the DC/DC inverter, the rated capacity of the power device
is lowered. Since the additional energy is returned to the
power source in each switching cycle, the utilization rate of
the energy is improved. Moreover, the commutation time is
shortened.

The rest of the paper is arranged as follows. Section 2
presents the causes of the commutation torque ripple.
Section 3 discusses the operation principle of the proposed
method and presents the desirable voltage for the charged
capacitor. Section 4 presents the experimental implementa-
tion of the proposed method to verify the method’s feasibility.
Section 5 provides the conclusions.

II. ANALYSIS OF COMMUTATION TORQUE RIPPLE
The block diagram of BLDCM system is shown in Fig.1.
In this paper, BLDCM operates in two-phase conduction
mode and commutates current with the conventional six-step
method.
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FIGURE 1. Block diagram of BLDCM drive system.

A. MATHEMATICAL MODEL OF BLDCM
Assuming that three-phase stator windings are symmetrical,
the resistance and inductance are constant, and the armature
reaction is negligible. The voltage equations are described as uaub
uc

 =
R 0 0
0 R 0
0 0 R

iaib
ic

+
L 0 0
0 L 0
0 0 L

 d
dt

 iaib
ic


+

 eaeb
ec

+
 unun
un

 (1)

where ua, ub, and uc are phase voltages, ia, ib, and ic are phase
currents, ea, eb, and ec are phase back EMFs, R is the phase
resistance, L is the phase inductance, and un is the neutral
voltage of the motor.

The general equation of the torque is expressed as

Te =
eaia + ebib + ecic

�
(2)

where � is the mechanical angular velocity.

B. CAUSE OF COMMUTATION TORQUE RIPPLE
To analyze the cause of the commutation torque ripple,
the commutation process from phase A to B is considered.
When the commutation occurs, T1 is turned off, T3 is turned
on, and T2 remains on. The equivalent circuit is shown
in Fig.2.

FIGURE 2. Equivalent circuit in the commutation process from
phase A to B.

Considering a very small period of PWM, the phase current
is regarded to be constant and equal to I . The phase current
satisfies ia = −ic = I , and the back EMF meets ea = E and

ec = −E , where E donates the amplitude of the back EMF
at the beginning of the commutation period. By substituting
the back EMF and phase current into (2), the equation can be
rewritten as

Te1 =
eaia + ebib + ecic

�
=

2EI
�

(3)

In the commutation process, the three-phase voltage meets
ua = 0, ub = Udc, and uc = 0. Substituting the voltage
function into (1), (1) is shown as

ua = Ria + L
dia
dt
+ ea + un = 0

ub = Rib + L
dib
dt
+ eb + un = Udc

uc = Ric + L
dic
dt
+ ec + un = 0

(4)

When the switching period of PWM is much shorter than
the electrical time constant L/R, the effect of the phase resis-
tance R is negligible. In general, the motor commutation
time is relatively short, and thus it is assumed that the back
EMF remains constant in the commutation period. The back
EMF and phase current in the commutation period meet the
functions:ea = eb = −ec = E and ia + ib + ic = 0.
By substituting the analysis into (4), and three-phase current
expressions are solved as

ia = I −
(Udc + 2E)

3L
t

ib =
2 (Udc − E)

3L
t

ic = −I −
(Udc − 4E)

3L
t

(5)

Substituting (5) into (2), and the torque in the commutation
period is shown as

Te2 =
2E
�

(
I +

Udc − 4E
3L

t
)

(6)

From (3) and (6), the torque ripple in the commutation
period can be expressed as

1Te = Te1 − Te2 =
2E (Udc − 4E)

3�L
t (7)

From (7), it is concluded that when the power source
voltage is equal to four times back EMF amplitude, the torque
before and after commutation remains constant.

III. PROPOSED METHOD TO SUPPRESS
COMMUTATION TORQUE RIPPLE
The block diagram of BLDCM drive system is shown in
Fig.3 and the auxiliary step-up circuit is marked by the dotted
line. The auxiliary step-up circuit is composed of a capac-
itor C1, a switch circuit (S1 and S2) and a transformer T1.
During the non-commutation period, the capacitor C1 is
charged up to the desired voltage Ue in accordance with the
motor speed and back EMF. When the commutation starts,
the capacitor C1 is connected in series with the power source,
and then three-phase inverter is regulated to ensure that the
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FIGURE 3. Configuration of BLDCM drive system with the proposed
auxiliary step-up circuit.

input voltage of the motor is equal to four times back EMF
amplitude. The operation principle of the proposed method
will be analyzed as follows.

A. OPERATION PRICIPLE OF PROPOSED METHOD
To facilitate the analysis, the conduction period of phase AC
is considered. During the conduction period of phase AC,
the switch S1 is turned off, and the capacitor C1 is charged by
regulating the switch S2. When the switch S2 is on, the start
of all windings on the transformer T1 will go positive and the
current in the primary will be built up. Meanwhile, the capac-
itor C1 is charged and the capacitor voltage begins to rise,
the charging equivalent circuit is shown in Fig.4(a). When the
switch S2 is off, the charging process is interrupted, and the
capacitor voltage remains constant. Meanwhile, the energy
stored in the transformer is returned to the power source,
and the equivalent circuit is shown in Fig.4(b). Continue to

FIGURE 4. Equivalent circuit of the capacitor charging process in the
conduction period of phase A and C. (a) Switch S1 is OFF while Switch S2
is ON. (b) Switch S1 is OFF while Switch S2 is OFF.

regulate the switch S2 until the capacitor voltage reaches the
desired value Ue. Then the switch S2 is turned off and the
charging process is over.

When the commutation begins, the switch S1 is turned on
and the switch S2 is turned off. The diode D7 is blocked
and the charged capacitor C1 is instantly added on the power
source Udc to step up the dc-bus voltage Ubus, the equivalent
circuit is shown in Fig.5. The corresponding power devices
of the three-phase inverter are then regulated to ensure that
the input voltage of the motor is equal to four times back
EMF for the commutation torque ripple suppression. When
the commutation process is finished, the charged capacitor
C1 is removed from the dc-bus voltage with the switch circuit,
and then the charging resumes.

FIGURE 5. The equivalent circuit in the commutation period.

B. DESIRED CHARGED VOLTAGE
Fig.6 shows the variation of the capacitor voltage in the 60
electrical period with the proposed method. Before the com-
mutation begins, the dc-bus voltage Ubus keeps at the level
of Uα . During the commutation period, the capacitor voltage
declines as it supplies the motor, and the dc-bus voltage Ubus
drops along the line ‘‘1.’’ When the commutation time tcom is
over, the dc-bus voltage Ubus drops to Uβ . The voltage drop
of the capacitor is denoted by 1U during the commutation
process. The capacitor is then charged upon entering the
non-commutation period. Consequently, the capacitor volt-
age increases, and the dc-bus voltageUbus begins to rise along
the line ‘‘2.’’When the capacitor voltage reaches the desirable
value Ue, the dc-bus voltage Ubus remains constant along the
line ‘‘3’’, then the charging course terminates. To ensure the

FIGURE 6. Variation of capacitor voltage in 60◦ electrical period.
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effective implementation of the proposed method, the capaci-
tor voltage should reach the desirable value before the begin-
ning of the commutation period. In the critical situation,
the capacitor voltage reaches the desirable value Ue exactly
at the end of the non-commutation period. It means that the
dc-bus voltage increases along the line ‘‘4.’’

During the commutation period, the capacitor and power
source supply the motor; hence, it is reasonable that the sum
of the energy released by both equals the energy consumed by
the motor in the commutation period. Assuming the ampli-
tude of the noncommutative phase current remains constant
and the resistance loss is negligible, according to the energy
conservation law,

Wdisch =
1
2
Ceqv

[
U2
α − U

2
β

]
= 2EI · tcom (8)

where Ceqv = C1 · Cdc/ (C1 + Cdc), tcom is the commutation
time, and Uα = Uβ +1U .

In [25], the commutation time tcom = LI/2E . As seen in
Fig.6, Uα = Uβ + 1U . By substituting the aforementioned
analysis into (8), and the capacitor voltage variation 1U can
be given as

1U =

√
2LI2

Ceqv
+ U2

β − Uβ (9)

Given that the desirable voltage Ue satisfies Ue = Uβ −
Udc +1U , and the desirable voltage Ue can be expressed as

Ue =

√
2LI2

Ceqv
+ U2

β − Udc (10)

To reduce the commutation torque ripple during the
commutation period, the dc-bus voltage at the end of the
commutation period should meet Ubus > 4E . In this study,
the dc-bus voltage valueUβ at the end of commutation period
is chosen as Uβ = 4E . Therefore, the desirable voltage Ue
can be updated as

Ue = Uβ − Udc +1U =

√
2LI2

Ceqv
+ 16E2 − Udc (11)

IV. EXPERIMENT RESULT
The experimental prototype is set up to verify the feasibility
and effectiveness of the proposed method. Fig.7 shows the
experimental platform and it consists of the control sys-
tem and the experimental motor. The motor is connected to
the generator by a flexible coupling. The rated parameters
of BLDCM are shown in Table 1. The core processor is
DSP controller (TMS320F28335) with 150MHz clock fre-
quency, and the three-phase inverter is composed of IPM
PM50RL1A060 (Mitsubishi). The capacitance value of the
capacitor C1is designed as 60µF, and it is composed of two
30µF non-inductance capacitors with parallel connections.
The capacitor C1 voltage Uc1 is sampled with the voltage
sensor (LV25-P) and the sampling frequency of the voltage
is 20kHz. The dc-bus current idc is sampled with the current
sensor (LTS15-NP) and the sampling frequency of the current

FIGURE 7. Platform of BLDCM experimental system. (a) Bus capacitor.
(b) Proposed auxiliary step-up circuit. (c) Sampling board. (d) Main circuit.
(e) Control board.

TABLE 1. Main parameters in the experiment.

is 10kHz. The switching frequency of S2 is 20kHz, and the
duty ratio is 0.5. The modulation method of the three-phase
inverter is PWM-ON, and the switching frequency of the
three-phase inverter is 10kHz. The torque and speed are
measured by the torque sensor. The experimental results are
monitored and recorded by a digital oscilloscope DL750
(YOKOGAWA). The block diagram of the system control is
shown in Fig.8.

In the implementation process, BLDCM drive system
is controlled with the traditional double-loop PI regulators
(i.e., the speed loop and the current loop). The charged
voltage Uc1 of the capacitor C1 is sampled with the voltage
sensor, the dc-bus current idc is sampled with the current
sensor and the two sampled signals are sent to DSP con-
troller. The hall signals are monitored by DSP controller to
estimate the motor speed ω and judge the working state of
the motor. When the motor works in the non-commutation
period, DSP controller sends control signals to turn off S1
and regulate S2with a fixed duty cycle of 50% for charging
the capacitor C1. When the capacitor voltage reaches the
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FIGURE 8. Configuration of the proposed BLDCM control system.

desirable voltage Ue, DSP controller sends control signals
to turn off S2, the charging process is over. When the motor
works in the commutation period, DSP controller sends con-
trol signals to turn on S1 for tcom. Then S1 is turned off, and
the commutation period is completed [31], [32]. The flow
chart is shown in Fig.9.

The torque ripple is defined as

Kr =
TP-P
TAvg

× 100%

where TP-P is the peak-peak value of torque and TAvg is the
average torque.

In these experiments, three control methods are used
to compare the performance. In the conventional method,
the ON-PWM modulation method is used to regulate the
three-phase inverter of BLDCM. In the second method,
the SEPIC converter is placed in front of the three-phase
inverter to regulate the dc-bus voltage during the commu-
tation period. In the third method, the proposed method is
applied to reduce the torque ripple in the commutation period.

Fig.10-12 show the comparative results of the three con-
trol methods under different speed and load conditions, (the
right side of each experimental result is its enlarged view).
Fig.10 shows the experimental results of three control meth-
ods with the rated speed and load torque. Fig.10(a) shows
the experimental results when the conventional method is
used. In Fig.10(a), the dc-bus voltage Ubus remains constant
in the commutation period, there exists a remarkable torque
pulsation and the torque ripple Kr ≈ 35.3%. Moreover, the
commutation time is relatively long and the commutation
time t ≈ 296µs. Fig.10(b) shows the experimental results
with the SEPIC converter. In Fig.10(b), the dc-bus voltage
Ubus remains at 4E in the commutation process, the torque
ripple Kr drops to about 12.8% and the commutation time
t ≈ 189µs, where E denotes the amplitude of back EMF.
Fig.10(c) shows the experimental results with the proposed
method. It is observed that the dc-bus voltage Ubus boosts
at the beginning of the commutation period and gradually
declines in the commutation period. When the commutation

FIGURE 9. Flowchart of the proposed method.

is over, the dc-bus voltage remains at about 4E , the torque
ripple Kr ≈ 12.8% and the commutation time t ≈ 189µs.
In addition, the voltage variation 1U is 41V, and it approx-
imately agrees with (9). Compared with the experimental
results with the conventional method, it can be found that the
torque ripple and commutation time are obviously reduced
when the SEPIC converter and the proposed method are used.
Moreover, the torque ripple and the commutation time of the
proposed method are slightly less than that of the SEPIC
converter.

Fig.11 illustrates the experimental results of three control
methods with the high speed and 50% rated load torque,
and Fig.12shows comparative results with the rated speed
and 25% rated load torque. In the two groups of experi-
ments, the torque ripple and commutation time are effectively
reduced compared with the conventional method. Moreover,
the proposed method performs slightly better than the SEPIC
converter in terms of the torque ripple and commutation
time. Table 2 summarizes the comparative results of the
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TABLE 2. Comparison of three control methods.

FIGURE 10. Experimental results under a speed of 1500rpm and a load
torque of 20Nm. (a) Conventional method. (b) SEPIC converter.
(c) Proposed method.

three methods under various speeds and torque loads. From
the comparative results, it is seen that there exists obvious
commutation torque ripple with the conventional method,
and the commutation time is relatively long. However, when
the proposed method is used to boost the dc-bus voltage in
the commutation period, the commutation torque ripple and
commutation time are evidently reduced. Under these two
speed and load conditions, the voltage variation 1U and the
dc-bus voltage Ubus at the end of the commutation period are
also basically consistent with (9) and 4E , respectively. There-
fore, the proposed method shows the satisfactory steady-state
performance under different conditions.

FIGURE 11. Experimental results under a speed of 1200rpm and a load
torque of 10Nm. (a) Conventional method. (b) SEPIC converter.
(c) Proposed method.

For comparison, the method based on the SEPIC con-
verter is also tested, and the test results show that the
SEPIC converter and the proposed method can reduce the
commutation torque ripple and shorten the commutation
time, and the proposed method demonstrates a slight advan-
tage over the SEPIC converter method. For the SEPIC
converter method, the power components provide the full
power for BLDCM in the commutation period. But the
proposed auxiliary step-up circuit only provides partial
power required in the commutation process of the motor,
which reduces the devices capacity and improves the system
reliability.
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FIGURE 12. Experimental results under a speed of 1500rpm and a load
torque of 5Nm. (a) Conventional method. (b) SEPIC converter.
(c) Proposed method.

To verify the dynamic performance of the proposed
method, the experiments under the variable speed and load
are performed. Fig.13(a), (b) and (c) show the variable speed
performance of the proposed method and the enlarged views.
The reference speed nref follows a ramp function in the exper-
iment. Before the motor accelerates, the speed is 1000rpm
and load torque is 20Nm. During the acceleration process,
the reference speed nref rises with a slope function, and the
motor accelerates from 1000rpm to 1500rpm within 2 s.
As seen in Fig.13(a), the actual speed n can accurately track
the reference speed nref. The phase current ia and the electro-
magnetic torque Te slightly increase, and the dc-bus voltage
Ubus correspondingly increases to suppress the commutation
torque ripple. Fig.13(b) and (c) show the enlarged views
under speeds of 1100rpm and 1300rpm, respectively. It can
be observed that the phase current fluctuation is not evident,
and the commutation torque ripple still can be effectively
reduced. Experimental results show that the proposed method
is effective under the condition of variable speed operation.

Fig.14(a), (b) and (c) show the variable load results of the
proposed method and the enlarged views. Before the load
torque varies, the motor speed n is about 1500rpm and the

FIGURE 13. Dynamic response of speed variation with the proposed
method. (a) Speed, current, electromagnetic torque and dc-bus voltage.
(b) Zoom 1. (c) Zoom 2.

electromagnetic torque Te is about 10Nm. During the variable
load experiment, the load torque command TL varies from
10 Nm to 20Nm. It is found from Fig.14(a) that the phase
current increases with the variation of the load torque, and
the dc-bus voltage slightly rises to maintain the commutation
torque steady. Fig.14(b) and (c) show the enlarged views
when the electromagnetic torques are 13 and 15 Nm, respec-
tively. The results show that the phase current and the torque
in the commutation period remain steady, and no significant
fluctuation is observed. In conclusion, the proposed method
exhibits the good dynamic performance.

Fig.15 shows the harmonic analysis results with the con-
ventional method and the proposed method under a speed
1500rpm and the load torque of 20Nm. The harmonic
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FIGURE 14. Dynamic response of load torque variation with the proposed
method. (a) Electromagnetic torque, speed, current, and dc-bus voltage.
(b) Zoom 1. (c) Zoom 2.

components of the commutation torque ripple are mainly
concentrated on 6 nf(n = 1, 2, 3 . . .). When the motor speed
is 1500rpm, the fundamental frequency is f = 1500p/60 =
100 Hz. In the conventional method, the integer times har-
monic component of 6f is higher, and the harmonic ampli-
tudes at 6f and 12f are 1.70 and 0.59, respectively. With
the proposed method, the integer times harmonic compo-
nent of 6f is reduced, and the harmonic amplitudes at 6f
and 12f are 0.53 and 0.13, respectively. Compared with the
conventional method, the harmonic amplitudes are reduced
by about 68.8% and 77.9%, respectively. The experimental
results show that the proposed method has the ability to
suppress the commutation torque ripple effectively.

FIGURE 15. Harmonic spectra of torque with a speed of 1500rpm and a
load torque of 20Nm.

V. CONCLUSION
In this study, an auxiliary step-up circuit is presented to
suppress the commutation torque ripple of BLDCM. First,
the cause of the commutation torque ripple is given, and the
condition of restraining the torque ripple is derived. Then,
the operation principle of the proposed method is provided.
The charging process in the non-commutation period and the
booting principle in the commutation period are analyzed
in detail. The desirable charged voltage is designed with
a graphical method, and thus the design process is simpli-
fied. To verify the steady-state performance of the proposed
boost structure, three sets of comparative experiments are
carried out under different working conditions, and the results
demonstrate the feasibility of the proposed method. In each
group of experiments, the conventional method, the SEPIC
converter method and the proposed method are tested to
compare the torque ripple and the commutation interval. The
results show that latter two methods can obviously suppress
the commutation torque ripple and shorten the commutation
time compared with the conventional method. In addition,
the proposed method performs slightly better than the SEPIC
converter method, and the voltage stress of the power device
in the proposed method is evidently lower than that of the
SEPIC converter method since the power components in the
proposedmethod only deliver a portion of the energy required
during the commutation interval. The variable speed and load
experiments are conducted, and the results indicates that the
proposed method has fast dynamic response. The harmonic
components in the torque is one of the important factors caus-
ing the motor mechanical vibration. In this study, the torque
spectra analysis is conducted for the conventional method
and proposed method. The experimental results show that the
harmonic components of 6 nf with the proposed method are
obviously weakened compared with that of the conventional
method.
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